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ABSTRACT 
Urbanization and wetland mitigation are increasingly common in coastal watersheds with 
expanding populations.  These mitigation wetlands are intended to offset the functional and 
structural losses experienced when natural systems are degraded or destroyed.  In the Tampa Bay 
watershed, urbanization is both expanding into the upper reaches of the watershed and 
intensifying in previously-developed areas, resulting in the creations of hundreds of freshwater 
mitigation wetlands.  This dissertation utilized an existing database of mitigation wetlands, 
publicly available data, and field surveys to investigate the relationship between constructed 
wetlands and their surroundings and also determine how design affects wetland condition over 
time.  The overarching goals of this dissertation were to evaluate the geospatial distribution and 
areal extent of constructed freshwater mitigation wetlands in Hillsborough County and determine 
how they influence the landscape; evaluate design variables and environmental factors 
influencing constructed wetland trajectories; and determine how future changes to the landscape 
will likely affect constructed wetland systems. 
The goals of Chapter 2 were to evaluate the relationship between mitigation wetland 
construction and total freshwater wetland area; determine if forested and non-forested wetlands 
are being impacted/mitigated at similar rates; determine if wetland mitigation is offsetting 
impacts from increased urbanization at the landscape scale.  This study concluded that since 
1985, permitted impacts of non-forested wetlands have occurred at a significantly greater annual 
rate than forested systems, despite their smaller regional footprint.  Interestingly, this increased 
 
ix 
 
impact frequency, combined with mitigation ratios greater than 1:1 (mitigation to impact area), 
have helped decrease proportional difference in area between forested and non-forested wetlands 
in the region.  Over the period of the study, mean LDI scores for drainage basins across 
watershed have increased, with those containing mitigation projects significantly increasing 
compared to those without.  Changes in drainage basin LDI were significantly correlated to the 
number of mitigation projects per basin, total impact area, and total mitigation area.  Upward 
shifts in drainage basin LDI categories have been documented in 25 of Hillsborough County’s 
184 basins, however no significant connection to permittee-responsible freshwater wetlands was 
established.  These results imply that current mitigation practices are failing to ameliorate 
increasing development intensity at the landscape scale. 
The goals of Chapter 3 were to determine the current condition of created freshwater 
mitigation wetlands in Hillsborough County, Florida; determine if forested and non-forested 
wetlands maintain similar trajectories after release; and evaluate how design and changes in the 
landscape influence created wetland condition over time.  Original wetland engineering plans 
and historical data were used to establish baseline conditions at the time of wetland “release” and 
track wetland changes over time.  A chronosequence approach was utilized to determine wetland 
trajectories and analyze potential differences between forested and non-forested systems.  This 
study found that surveyed freshwater wetlands had decreased in size from their intended area by 
a total of approximately 18%, but due to increased mitigation ratios, were likely still producing a 
net gain in total wetland area and meeting the goals of “no net loss”.  On average, wetland 
condition (as determined by WRAP scores) decreased by 9% from the time of release to the time 
of survey.  Few differences were observed between wetland types with the exception of canopy 
richness and wetland trajectory, although correlations between wetland condition and time were 
 
x 
 
non-significant.  From the regression optimization analyses, it appeared that wetland location (as 
measured in the design WRAP score) was one of the most important factors contributing to 
surveyed wetland condition. 
In Chapter 4, future land use data was used to determine predicted anthropogenic 
pressure on these urban wetland systems and evaluate changes to the overall landscape.  The 
goals were to determine if approved future land use changes will significant increase LDI scores 
for Hillsborough County drainage basins; determine if anthropogenic pressure on created 
freshwater wetlands will significantly intensify; and determine if forested and non-forested 
wetlands will be affected to the same degree. GIS based analyses on landscape development 
intensity (LDI) determined that significant changes are not expected at the landscape scale by the 
year 2025, however drainage basins that possess mitigation wetlands are anticipated to increase 
in development intensity.  Predicted LDI scores for constructed freshwater wetlands is predicted 
to increase significantly, which could have detrimental impacts on wetland condition. 
This dissertation highlights the significance of wetland design and location on wetland 
condition.  From this research, it is apparent that consideration of site placement is the most 
important design variable for small (3 hectares or less) freshwater wetlands; and that 
understanding of future conditions may promote long-term success.  Long-term studies such as 
this are valuable tools for understanding how specific ecosystems respond to changing 
landscapes and should be used to help shape policies that reflect these ecological advancements.  
Understanding the past and preparing for the future is the only way to foster restoration success. 
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CHAPTER 1: 
DISSERTATION INTRODUCTION 
 
Global wetland loss is estimated between 33% (Hu et al. 2017) to 87% (Davidson 2014).  
Freshwater wetlands cover less than 1% of the earth’s total surface area but are responsible for 
more than 40% of its biodiversity (Mitra et al. 2003).  In coastal watersheds, the immense value 
of functions and services provided by freshwater wetlands is difficult to comprehend.  In 
addition to functioning as habitat for numerous species of plants and animals, coastal freshwater 
wetlands transform nutrients and filter out suspended solids from surface waters before 
discharging into estuaries and open water (Balcombe et al. 2005, Lee et al. 2006).  For humans, 
coastal freshwater wetlands provide storage of excess water in low lying areas; reducing flood 
risks and preventing erosion (Tiner 1984, Berlin and Handley 2007).  Their economic 
importance is irreplaceable and their aesthetic and recreational value undeniable.  With all the 
recognized functions and services that these ecosystems provide, why are coastal wetlands in the 
eastern United States disappearing twice as fast as they are being restored (Dahl and Stedman 
2013)? 
    In many coastal watersheds, current wetland gains and losses are driven by the 
dichotomy of urbanization and the policies and practices of wetland construction to compensate 
for it.  As urbanization expands, wetlands are subjected to indirect and direct impacts (Faulkner 
2004).  Indirect anthropogenic impacts such as increased impervious surfaces lead to increased 
runoff, nutrient loading, and alteration of wetland hydrology.  Indirect impacts are often difficult 
to quantify and can originate kilometers from the affected wetland, while direct anthropogenic 
2 
 
impacts occur within a wetland and cause degradation or destruction of the ecosystem (Wright et 
al. 2006).  Dredging, filling, and draining are typical examples of direct impacts.  When a system 
is exposed to a combination of direct and indirect impacts over time, the cumulative effects can 
have a synergistic and exacerbated result (Johnston 1994). 
Recognizing the importance of wetland ecosystems, federal regulations and guidelines 
were created that require compensatory action when wetlands and aquatic resources are 
impacted.  The Clean Water Act (CWA 1972); the Swampbuster provisions of the Food Security 
Act (FSA 1985); and the Food, Agriculture, Conservation, and Trade Act (FACTA 1990) 
mandate wetland protection (Fretwell et al. 1996).  In 1988, a report issued by the National 
Wetland Forum of the Conservation Foundation coined the term “no net loss”, which required 
preservation of existing wetlands coupled with restoration and/or creation of new wetlands (The 
Conservation Foundation 1988).  While wetland protection policies have not stopped net wetland 
loss, they do appear to have slowed the overall rate (Frayer et al. 1983).  Unfortunately, millions 
of hectares of wetlands in the United States were lost long before these policies were enacted.     
It is estimated that during the 1600’s there were over 85 million hectares of wetlands 
located within what is now the conterminous United States (Dahl et al. 1991).  At the time, 
wetlands were viewed as undesirable; places unsuitable for agriculture or dwellings and breeding 
grounds for disease (Meindl 2000).  Because of this perception, wetlands were drained and filled 
so the land could be better utilized.  The unquestioned destruction of wetlands continued until the 
late 1900’s, when their true ecological and economic values were first recognized.  In the 1970’s, 
new laws and policies were passed to protect wetlands from unwarranted destruction; perhaps 
the most important being Section 404 of the Clean Water Act (Hough and Robertson 2009).  
This new foundation for wetland conservation stressed avoidance and minimization of direct 
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wetland impacts, but when impacts cannot be avoided, compensatory mitigation must occur.  
Mitigation mandates the creation, restoration, preservation, and/or enhancement of wetlands to 
offset permitted wetland impacts.  Regrettably, by the time these laws were enacted, more than 
half of the historic wetlands in the United States had already been lost.   
Florida is one state where wetland loss is particularly evident.  Because of its low 
elevation, high annual rainfall, and shallow surficial water table, Florida has more hectares of 
wetlands than any other state in the conterminous United States (Dahl 2011), comprising 48% of  
total land area prior to settlement.  However, from 1845 to 1996, Florida lost an estimated 4 
million hectares of wetlands (Dahl 2006).  Draining wetlands to create agricultural land was the 
leading early cause of wetland destruction, but that changed in the 1980’s as urbanization 
became responsible for the majority of wetland loss (Dahl 2005).  As population growth 
continues, and urbanization increases in Florida’s coastal areas, wetlands continue to disappear.  
Because of the decreasing availability and rising demand for coastal real estate, developers 
increasingly view the consequences of impacting wetland worthwhile (Salzman and Ruhl 2006).  
This alarming trend is undeniable in the Tampa Bay Watershed. 
The Tampa Bay Watershed has been experiencing intense urbanization since the 1950’s 
with the population quadrupling to over 2 million people by 2008 (Yates and Greening 2011).  
With this population explosion came a drastic decline in wetlands as total area dropped from an 
estimated 1,271 km2 to only 855 km2 by 2007 (Rains et al. 2012).  While wetland creation has 
helped slow the rate of loss, the Tampa Bay Region has experienced some of the greatest  
wetland loss on the Gulf coast (Stedman and Dahl 2008). 
As urbanization continues to expand in the Tampa Bay Region, each new wetland impact 
must be offset through wetland mitigation.  Wetland mitigation, or compensatory mitigation, is 
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the process of offsetting permitted impacts to wetlands by creating, restoring, enhancing, or 
preserving wetlands of equal or greater value by first- or third-party means.  For the duration of 
this dissertation, the term “mitigation” will refer to first-party, impact-specific wetland creation 
or restoration.  Once constructed and released from their mitigation requirements, these newly 
constructed wetlands are assumed to function as self-sustaining, natural systems (Bendor 2009). 
Whether or not a site ever reaches its intended stable state is mostly unknown, leaving the 
question: “are urban mitigation wetlands becoming what they were designed to be?” 
Many studies have emphasized the need for mitigation policies to reflect ecological 
principles and theories (Kusler and Kentula 1989, Zedler 1996, Choi 2004, Ruiz-Jaen and Aide 
2005, Moreno-Mateos et al. 2012) better.  Compensatory mitigation is deeply entwined with the 
field of restoration ecology and therefore shares many of the same debates, such as what defines 
the success of a created/restored wetland (Bedford 1996, Matthews and Endress 2008, Mitsch 
and Wilson 1996).  For many ecologists, true success is not achieved until created or restored 
sites are self-sustaining, functional-equivalents of their natural counterparts (Brown and Lant 
1999, Wilcox 2012).  Vegetation community structure, hydrology, and landscape location are all 
critical to wetland function and value (Bruland and Richardson 2005, Spieles 2005, Mack 2006); 
the dilemma being that it may not  be possible to replicate these in a created system (Mitsch 
1992; Van der Valk and Jolly 1992).  If a constructed system never reaches its intended 
vegetation community or fails to function within a similar landscape as its impacted counterpart, 
are the goals of the CWA and “no net loss” being met? 
The goals of this dissertation were to investigate the current state of wetland mitigation 
loss and gains in the Hillsborough County section of the Tampa Bay Watershed, evaluate how 
design affects constructed wetland trajectory, analyze the success of constructed freshwater 
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mitigation wetlands, and predict how changing land use will affect wetlands embedded in an 
urbanized watershed.  Chapter 2 deals with general trends of freshwater wetland impacts and 
construction and how they fall into the larger picture of total wetland loss.  By utilizing 
Hillsborough County Environmental Protection Commission’s database of over 800 released 
freshwater mitigation projects, a quantitative analysis of permitted wetland loss and gains was 
conducted.  The geospatial distribution of constructed systems and how they are related to 
increasing urbanization of the surrounding landscape was analyzed to evaluate changes at the 
landscape scale.  In Chapter 3, field surveys were conducted to determine how time since 
release; wetland type; supporting landscape; and design variables, such as planting plans and 
wetland depth, influence wetland trajectory and current status.  From a subset of the constructed 
mitigation wetlands (n = 65), mitigation success was quantified by using established wetland 
value assessment methodologies, and multivariate regression models were used to determine the 
importance of individual design variables and suggest optimal conditions.  Chapter 4 utilized the 
results of the previous chapters in conjunction with future zoning plans to predict constructed 
wetland outcomes in the year 2025.  Land use intensity was calculated for Hillsborough 
County’s 184 drainage basins to determine probable changes at the landscape scale.   This 
dissertation should provide not only a detailed assessment of wetland mitigation in Hillsborough 
County, but also a framework for improving freshwater wetland design to achieve mitigation 
goals more effectively. 
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CHAPTER 2:  
FRESHWATER WETLAND CREATION IN A CHANGING 
URBANIZED LANDSCAPE 
 
Introduction 
It is estimated that the world has lost an approximately 71% of its total wetland area since 
1900 (Davidson 2014).  In the United States, conversion of wetlands to agriculture and urban 
accounting for approximately 50% of wetland loss (Hu et al. 2017).  Wetlands in coastal 
watersheds have been disproportionately affected in the last 20 years as human populations and 
urban expansion have intensified in coastal areas (Esteves 2014).  These ecosystems provide 
valuable services to the surrounding landscape (Barbier 2013) and are hotspots of biodiversity 
(Whigham 1999), but conflicting land use needs have resulted in their decline (Zedler and Leach 
1998).  Since 2004, an estimated 71% of all coastal wetland loss in the United States has 
occurred along the Gulf of Mexico, from Texas to Tampa Bay in Florida (Dahl and Stedman 
2013). 
Since the 1950’s, the combined population of counties bordering Tampa Bay 
(Hillsborough, Pinellas, and Manatee) has more than quadrupled to over 2 million, with the 
entire seven-county metropolitan region predicted to reach 7 million by 2050 (Yates et al. 2011).  
As the population has increased, so has the intensity of wetland loss.  The Tampa Bay Watershed 
had approximately 127,100 ha of freshwater wetlands in the 1950’s, but by 2007 that declined to 
85,500 ha; with non-forested wetlands experiencing a disproportionate share of the loss (Rains et 
al. 2013).  Historically, wetland loss in Florida was associated with conversion to agriculture; 
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however, from 1985 to 2004, urbanization was the dominant factor (Dahl 2005, 2011).  While 
construction of replacement wetlands by public and private sectors has slowed the loss rate, 
coastal freshwater wetlands along the Gulf of Mexico have disappeared at a greater rate than 
other U.S. regions; with Tampa Bay recognized as a hotspot for wetland loss (Stedman and Dahl 
2008). 
To counterbalance the negative consequences of wetland loss, mitigation programs have 
been established to preserve, enhance, restore, or create wetlands when existing systems are 
directly impacted by dredging, filling, or otherwise destructive human activities (Hough and 
Robertson 2009).  Typically conducted on a “type for type” basis (i.e. forested wetland impacts 
are offset by forested wetland mitigation), mitigation can occur via mitigation banking, in-lieu 
fee mitigation, and permittee-responsible or “project specific” mitigation (ACOE and EPA 
1990).  Compared to traditional ecosystem restoration or enhancement projects, constructed 
permittee-responsible wetlands are unique in that their location may not have previously 
supported the intended community type and are often the result of converting uplands to 
jurisdictional wetlands (Brinson and Rheinhardt 1996).  Because mitigation policy stipulates 
wetland construction must occur within close proximity to the location of the impacted wetland, 
these built ecosystems are often placed within close proximity to development.   
Wetland geospatial location influences the structure and function of the wetland (Mack 
2006; Reiss et al. 2014; Stuber et al. 2016) as well as the functions and services the wetland 
provides to the surrounding landscape (Johnston et al. 1990; Mitsch 1992; Riitters et al. 1995; 
Jayakaran et al. 2016).  Both natural and constructed wetlands can have substantial positive 
impacts on regional sediment transport (Larsen and Harvey 2010), non-point pollution control 
(Mitsch 1992; van der Valk and Jolly 1992), surface and groundwater hydrology (Roulet 1990, 
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Bedford 1996, Gwin et al. 1999, Li et al. 2009), flood abatement (Zedler and Kercher 2005), and 
biotic community structure (Ewing et al. 2005; Ruetz et al. 2005; Whigham 1999) depending on 
wetland type (forested or non-forested), their position in the landscape, and the type of land use 
surrounding the system.  Urban wetlands are subjected to increased surficial runoff, and thus 
play an important role in regional nitrogen cycles (Stander and Ehrenfeld 2009, Chiandet and 
Xenopoulos 2016).  As constructed wetlands are left to coalesce and become functional, self-
sustaining ecosystems, they are subjected to the pressures of their changing surroundings.       
Just as a wetland affects its surrounding landscape, the latter also influences the wetland; 
a relationship quantifiable by the Landscape Development Intensity (LDI) Index (Mack 2006).  
The Landscape Development Intensity (LDI) index measures anthropogenic impact to an area by 
quantifying the amount of non-renewable energy needed to sustain certain land use categories 
within a defined area (Brown and Vivas 2005). It is becoming the most recognized multimetric 
assessment for measuring the intensity of urbanization (Jeanneret et al. 2003, Reiss and Brown 
2007, Cuffney and Falcone 2009, Li et al. 2010).  LDI scores have been correlated with 
ecosystem function at both site (hectares) (Cohen et al. 2005, Mack 2006, Reiss 2006, Jayakaran 
et al. 2016, Stuber et al. 2016) and landscape (square kilometers) scales (Carey et al. 2011; Rains 
et al. 2013; Chen and Lin 2013; Reiss et al. 2014).  For example, LDI has been used to determine 
the probable condition of individual wetlands by evaluating the land use intensity of a 
surrounding buffer (Stuber et al. 2016) and predict water quality variability within drainage 
basins (Carey et al. 2011).  Understanding the geospatial distribution of permittee-responsible 
mitigation projects provides an opportunity not only to study the status of wetland losses and 
gains, but also the relationship between wetland mitigation and overall landscape change. 
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As mitigation wetlands become increasingly common features in a watershed, it is 
important to understand their roles at both local and landscape scales.  Although wetlands are 
constructed to offset impacts to natural systems and ensure a “no-net-loss” of both wetland area 
and function, it is unknown how their cumulative presence affects the watershed.  Utilizing the 
unique 30+ year EPC database on 800 constructed mitigation wetlands, this study examined 
historical trends in wetland impact and construction for forested and non-forested wetlands with 
particular attention to wetland size, placement within the landscape, and changes to landscape 
development intensity following construction.  The goals of this study were to evaluate the 
relationship between mitigation wetland construction and total freshwater wetland area; 
determine if forested and non-forested wetlands are being impacted/mitigated at similar rates; 
and determine if wetland mitigation is offsetting impacts from increased urbanization at the 
landscape scale in Hillsborough County, Florida. 
 
Methods 
Change Analysis of Historic Freshwater Wetlands 
Utilizing 1950’s wetland presence/absence data from the Tampa Bay watershed (Rains et 
al. 2012) and publicly available Land Use Land Cover (LULC) data created from aerial 
photography by the Southwest Florida Water Management District (SWFWMD), a change 
analysis was completed to determine the location, extent, and types of historic wetlands 
(forested/non-forested) in Hillsborough County.  From the 1950’s to 1990, there were no 
available LULC data; however, for 1990, 1995, 1999, and 2004-2011, comprehensive LULC 
shapefiles were readily available from SWFWMD.  These shapefiles were created from digitized 
aerial photographs by interpreting the imagery and classifying distinct areas into unique 
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FLUCCS categories.  Minimal mapping units of 0.2 ha for wetlands and open water; 2.0 for 
uplands; 0.4 for uplands within agriculture were used.  To ensure consistency of classification 
terminology among data sources, a community type cross-walk was constructed, and a wetland 
type of “forested” or “non-forested” was assigned to each wetland polygon based on the existing 
classification scheme ( Appendix A). 
ArcMap 10.3.1 (ESRI 2014) was used to complete the land change analysis.  Because 
small portions of northwest and southeast Hillsborough County are outside the Tampa Bay 
watershed, Rains et al. (2012) data were merged with available SWFWMD LULC data from the 
same period to complete the 1950’s wetland layer for the entire county.  From the SWFWMD 
LULC databases for 1990-2011, freshwater wetlands were assigned a wetland type based on 
their FLUCCS codes (Table 1), then merged with the 1950’s data.  The resulting database tracks 
the persistence of historic forested and non-forested freshwater wetlands identified in the 1950’s 
data by quantifying their location and total area (ha) in Hillsborough County from the 1990, 
1995, 1999, and 2004-2011 datasets.  Unlike Rains et al. (2012), who compared freshwater 
wetlands greater than 0.2 hectares from the 1950’s dataset to data from 2007, this study included 
all freshwater wetlands, ranging in size from <0.001 to 4,968.55 ha, for all available years of 
LULC data (1950’s, 1990, 1995, 1999, and 2004-2011). 
Interannual changes in freshwater wetland area were analyzed in ArcMap (Kelly et al. 
2008, Samanta and Paul 2016).  Gains and losses in total wetland area were determined by 
tracking wetland persistence and identifying newly classified wetlands for each year of the 
database (Table 1). Compared to other permittee-responsible mitigation projects, phosphate 
mining mitigation often occurs at a larger scale and a higher intensity of disturbance; thus, 
phosphate projects were not included in the final EPC wetland creation database.  To reflect the 
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removal of phosphate projects in the LULC analyses, phosphate-associated parcels were 
identified from SWFWMD data, and the analyses were conducted with- and without phosphate 
lands. 
Database for Created Wetlands 
Mitigation data for created freshwater wetlands were compiled from the existing EPC 
database for all permitted wetland projects from Hillsborough County for the period 1985 - 2011.   
Information for 800 freshwater projects, including general project data, construction approval 
dates, release dates, wetland descriptions, site types, area of permitted impacts, mitigation area, 
mitigation ratios, and net gain/loss, were extracted from the database.  To facilitate comparisons 
to results from the change analysis, mitigation wetlands were assigned to two groups, forested 
and non-forested, based on their “Project Description” classification.    The attribute “Site Type”, 
which describes the source of the mitigation project, was used to focus on permittee-responsible, 
creation projects. 
A total of 78 projects of the site types phosphate, mitigation bank, exempt impact, 
wetland preservation, and wetland enhancement were removed to eliminate potential influence 
of both large-scale phosphate reclamation and mitigation banking projects, as well as projects 
that did not involve physical wetland construction.  The resulting database (n = 722) contained 
only permittee-responsible, wetland creation projects.  Because a mitigation “project” may 
consist of several smaller “sites”, all analyses were conducted using the cumulative project area.  
Comparisons were made between forested and non-forested projects to determine differences in 
mitigation frequency, impact area, and mitigation area for individual years of the database. 
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Geospatial Distribution of EPC Sites 
The location of each freshwater mitigation project was determined from either a project 
address or geographic location (latitude and longitude) from individual project files and 
combined with the created freshwater wetlands database.  A total of 448 project locations were 
able to be identified from the project files and subsequent verification in ArcGIS.  To determine 
the geospatial extent (total area) and density of permitted wetland impacts and mitigation within 
Hillsborough County (projects per drainage basin), individual wetland projects were joined to a 
drainage basin data layer (Florida Department of Environmental Protection, 2009).  Drainage 
basin development intensity (LDI) was compared to the number of mitigation projects, total area 
of impacts, and total area of mitigation to determine if any correlations existed.  Drainage basins 
with- and without mitigation were compared to determine if differences in LDI were detectable.  
Landscape Development Intensity (LDI) 
An LDI index change analysis was conducted at the cataloguing unit (HUC 8) drainage 
basin scale (Seaber et al. 1987) to determine how the landscape has been altered over the study 
period: 1990 - 2011.  To assess temporal change in LDI in each drainage basin, LDI coefficients 
were assigned to each land use polygon in Hillsborough County for every year of available 
LULC data.  Using the Florida Department of Environmental Protection’s (FDEP) “Current 
Land Use LDI and LSI” (2010) dataset, LDI coefficients for each unique FLUCCS code were 
extrapolated to the annual datasets.  LDI coefficients along with the land use polygons in each 
drainage basin were used to determine the area of each polygon and its percentage of total 
drainage basin area.  The drainage basin LDI was determined by: 
 LDIbasin = ∑%LUi * LDIi  
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where LDIbasin = LDI score for the entire drainage basin; LUi = percent of the total area of 
influence in land use i; LDIi = landscape development intensity coefficient for land use I (Brown 
and Vivas 2005). 
The change in LDI from 1990 to 2011 was calculated to determine the degree of change 
in each drainage basin using the formula: 
 LDIDBΔ = LDIDB2011 - LDIDB1990  
where LDIDB1990 = LDI for a specified drainage basin from 1990; LDIDB2011 = LDI for the same 
drainage basin from 2011; LDIDBΔ = change in LDI for the specified drainage basin.  Landuse 
categories were assigned to each drainage basin based upon their LDI index scores (Natural 0.0 – 
2.0, Agricultural 2.1 – 5.0, Urban > 5.0) for the years 1990 and 2011 to detect categorical shifts 
(Brown and Vivas 2005; Lin, Shang, and Chen 2013).  Relationships between the number of 
mitigation projects per drainage basin, the total area of mitigation per drainage basin, current 
drainage basin LDI scores (LDIDB2011), and the change in LDI per drainage basin over the study 
period (LDIDBΔ) were analyzed. 
Statistical Analysis 
 Data from the mitigation files and GIS analyses were compiled in Microsoft Excel 
(2016) and analyzed in Minitab 17.3.1 (2010).  Summary statistics were completed using 
standard error of the mean as the measure of viability.  Data distributions were checked using the 
Anderson-Darling normality test, with a P > 0.05 indicating a normal distribution.  Based on the 
results of the Anderson-Darling test, two-sample t-tests (normal distribution) or Mood’s median 
(non-normal distribution) were used.  A Pearson’s Correlation matrix and an analysis of variation 
(ANOVA) were utilized to assess the relationships between mitigation variables and LDI. 
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Results 
Change in Historic Freshwater Wetland Area  
 From the 1950’s to 2011, total freshwater wetland area in Hillsborough County 
(inclusive of phosphate lands) decreased by 17,865 ha. In the 1950’s, non-forested wetlands 
constituted 31% (19,483 ha) of total wetland area (62,089 ha), while forested wetlands made up 
69% (42,607 ha) (Figure 1).  Over time, these two wetland types have been disproportionately 
impacted, with non-forested systems dropping to 19% (1995 and 1999) and later 25% (2011) of 
total wetland area.  Since the 1950’s, total non-forested wetland area decreased by 8,465 
hectares, while forested wetlands decreased by 9,401 hectares.  From 1990 to 2011, when 
FLUCCS data became available, it was possible to evaluate changes to specific wetland 
communities.  Freshwater wetland communities were divided into 17 types.  During this period, 
“shorelines”, or littoral wetlands, displayed the greatest proportional increase in area (213% 
increase from 31 to 66 ha), while “wetland forested mix” decreased by 56%, from 4,843 to 2,724 
hectares (Table 1). 
 When phosphate mining lands were removed from the database, total wetland area 
decreased by 16,919 hectares from the 1950’s to 2011 (Table 2), a difference of 947 hectares 
from the phosphate-inclusive analysis.  Freshwater wetland area in the 1950’s was 57,277 
hectares, with 31% being non-forested systems and 69% forested systems.  In 1999, when 
freshwater wetland area was lowest (37,314 hectares), non-forested systems represented 
approximately 18% of total wetland area, but they increased to 24% in 2011.  Over the course of 
the study period, non-forested wetlands have decreased by 45%, while forested systems have 
decreased by 23% (Table 2).  Freshwater wetland loss from the 1950’s to 2011 occurred 
primarily in northern and northeastern Hillsborough County (Figure 2). 
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Permitted Impacts and Mitigation 
Since 1985, the Hillsborough County EPC has permitted 800 freshwater mitigation 
projects consisting of 920 individual wetland impacts; consisting of dredging, filling, or 
otherwise destructive human activities, totaling 2,303 hectares.  To offset these impacts, 3,315 
hectares of habitat have been preserved, enhanced, created, or restored (Appendix B).  Grouping 
projects by “Site Type” provided a clearer picture of the categories of development behind 
wetland mitigation in Hillsborough County (Appendix C). 
Evaluation the 722 permittee-responsible wetland creation mitigation projects revealed a 
mean permitted impact area per freshwater creation project of 0.72 ha (± 0.11), and a mean 
wetland mitigation area of 1.48 ha (± 0.21) (Table 3).  Based on two-sample t-tests, there were 
no significant differences in mean impact area, mitigation area, or mitigation ratios between 
wetland types per project (Table 4).  Of the 722 permittee-responsible construction projects, 75% 
(n=542) were less than 1.0 ha in total size; 19% (n = 139) were 1.0 to 5.0 ha; and 6% (n = 40) 
were 5.0 ha or greater. 
From 1985 to 2011, the average number of mitigation projects constructed per year was 
26.7 (± 1.98).  While total wetland area in Hillsborough County has displayed a positive trend 
since 1999, the area of permitted impacts and mitigation fluctuated greatly between years (Figure 
3).  From 1990 to 2011, there was a net increase of 2,389 ha of total freshwater wetland area.  
During this same period, a net gain of 482 ha of mitigation wetlands were constructed, 
approximately 20% of the observed total gain.  Results of the ANOVA showed no relationship 
between total mitigation area and total wetland area within the county (F-Value = 0.27, P = 0.62, 
DF = 1) and a weak relationship (R2 = 36.05) between total impact area and total freshwater 
wetland area (F-Value = 5.07, P = 0.05, DF = 1).  Impact frequency was determined by 
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comparing the number of mitigation projects constructed per wetland type each year.  The mean 
number of forested wetlands constructed per year was 10.81 (±0.99), which was significantly 
lower than 15.93 (± 1.28) for non-forested (T-Value = -3.16, P = 0.003, DF = 48).  No significant 
difference was detected for the mean impact area (ha) per year between wetland types (forested 
7.37 ± 1.28; non-forested 11.93 ± 2.72); however, mean mitigation hectares per year were 
significantly different (Table 4), with a forested mean of 12.12 (± 1.72) and a non-forested mean 
of 27.55 (± 6.29). 
 
Landscape Development Intensity (LDI) 
 The drainage basins for the Tampa Bay watershed within Hillsborough County (n = 184) 
range in size from 33.2 ha to 94,587.8 ha (mean = 2,805.6) and experienced a net increase in LDI 
scores from 1990 – 2011.  Results of a paired t-test showed mean drainage basin annual LDI 
scores increased significantly (T-Value = -2.72, P = 0.007, DF = 353) by 16% (± 0.46), with the 
greatest basin LDIΔ of 220%, from 2.88 in 1990 to 6.34 in 2011 (Figure 4), indicating a shift 
from an agricultural to urban landscape (Brown and Vivas 2005).  On average, the annual spread 
of values between Hillsborough County drainage basin LDI scores from 1990 to 2011 was 7.33, 
with a minimum spread of 6.94 observed in 1995 and 1999 and a maximum spread of 7.53 in 
2005, 2009, and 2010.  Only 30 of the 184 Hillsborough County drainage basins displayed 
decreased LDI scores over the course of the study, and 5 displayed no change.  The remaining 
149 drainage basins displayed increased LDI scores (Mean 0.78 ± 0.05).  A total of 25 drainage 
basins, constituting 17% of the cumulative drainage basin area, shifted LDI index categories 
from 1990 – 2011; 2 of 8 “natural lands” basins (LDI = 0.0 – 2.0) shifted to “agricultural” (2.1 – 
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5.0), while 23 of 134 “agricultural” basins shifted to “urban” (LDI >5.0).  No basins shifted from 
a higher land use category to a lower one.   
 
Geospatial Distribution of EPC Sites 
Of the 722 permitted freshwater wetland creation projects, location data were available 
for 448 (Figure 4), and not all drainage basins contained mitigation projects.  Drainage basins 
that possessed mitigation wetlands (n = 74) experienced a mean LDI increase (LDIDBΔ) of 0.71 
(± 0.06), while those without (n = 110) increased on average by 0.29 (± 0.11).  Total impact area 
per drainage basin ranged from 0.01 to 46.83 ha (Mean 3.70 ± 0.89), while total mitigation area 
per drainage basin ranged from 0.01 to 64.20 ha (Mean 5.09 ± 1.21) (Appendix D).  A two-
sample t-test revealed a significant difference in LDIDBΔ between basins with and without 
wetland mitigation was detected (T-Value = -3.32, P = 0.001, DF = 159).  LDIDB2011 scores per 
drainage basin showed significant, positive correlation to the number of permitted mitigation 
projects, number of individual impact sites, and the number of individual mitigation sites, while 
LDIDBΔ showed a significant, positive correlation to the number of projects, number of individual 
impact sites, total impact area, and total mitigation area (Table 6).  Of the 25 basins that shifted 
LDI categories, 10 possessed permittee-responsible mitigation wetlands.  Results of an ANOVA 
showed no relationship between the number of mitigation projects, total impact area, or total 
mitigation area and the change in LDI from 1990 to 2011. 
 
Discussion 
 Recognizing the importance of wetlands and the functions and services they provide, 
the United States has enacted numerous federal policies to prevent wetland loss.  Adoption of the 
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“no net loss” policy in 1989 set the standard for the preservation and restoration of wetland 
structure and function while still permitting development.  Wetland mitigation has become the 
tool for implementing “no net loss”; however, the shortcomings of mitigation are well-known 
within the ecological community (Brown and Lant 1999, Balcombe et al. 2005, Reiss and 
Hernandez 2007, Kihslinger 2008).  Recently, increased attention has been paid to how 
mitigation addresses the preservation of wetland functionality at a variety of scales (Bedford 
1996, Roe and Georges 2007, Hogan et al. 2012) which is particularly important in watersheds 
experiencing rapid and intense land use changes. 
This study utilized a large database of 722 wetlands constructed over the past 26 years to 
assess trends in impact and mitigation of freshwater wetlands in the Tampa Bay watershed.  
Despite the known value of large sample size (Johnson and Omland 2004; Peterman 1990; 
Stockwell and Peterson 2002; Zuur et al. 2007), adequate replication can be difficult in field 
studies, especially as scale increases.  In an analysis of 68 published restoration studies by Ruiz-
Jaen and Aide (2005), only 3 of 18 (17%) wetland studies consisted of more than 20 replicates.  
Furthermore, studies restricted to wetland mitigation banking (Brown and Lan 1999; Burgin 
2010; Reiss et al. 2014; Spieles 2005) are even more limited by the number of available sites.  In 
addition to its size, the time span of the EPC database can be valuable for understanding wetland 
processes that may take decades to occur, such as succession.  BenDor and Brozovic (2007) 
evaluated a similar freshwater mitigation database (n = 1,058) for preferences in mitigation 
mechanisms, however only 520 of their sites were permittee-responsible mitigation and the study 
focused on a shorter time frame, 12 vs 26 years.  Mitigation databases often consist of long-term 
records for numerous projects which abide by set standards of monitoring and record keeping, 
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which provides studies, such as this, a truly unique opportunity to evaluate ecosystem creation 
success. 
From the evaluation of this robust database, several trends were observed.  The locations 
of impacts and subsequent mitigation have moved farther from the coast and into the upper 
reaches of the watershed, as these areas have shifted from agriculture to increasingly suburban 
land uses.  This trend could have detrimental effects on indigenous biota as studies on headwater 
wetlands in California have heighted their importance for regional biodiversity ( Zedler 1987).  
Headwater wetlands have also been recognized their importance for migratory bird breeding 
success in the prairie pothole region of the United States (Weller 1988; Kantrud et al. 1989).  
Additional studies have noted the ability of freshwater wetlands ability to remove nutrients and 
sediments from agricultural runoff (Whigham 1999) and impact downstream flooding and 
groundwater recharge (Bullock and Acreman 2003). 
This study also determined that mitigation ratios have increased over the 26-year duration 
of the database from the original 1:1, to an average of over 3:1 hectares of mitigation for each 
hectare of impact. These increases are necessary to offset any loss of area in the constructed 
wetlands and adhere to the no-net-loss policy as numerous studies have noted that created 
wetlands often fail to achieve or maintain their desired size or structure (Race and Fonseca 1996, 
Zedler 1996, Best et al. 1997, Turner et al. 2001, Robb 2002, Reiss et al. 2009).  Without 
investigating the conditions of individual wetlands, it is not possible to know if these intended 
ratios have persisted. 
There were three important trends identified from the database; the first being an increase 
in total (natural and constructed) wetland area since 1999. Since the inception of the EPC, non-
exempt direct impacts in Hillsborough County have required mitigation, and although total 
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freshwater wetland area in the county may have drastically decreased since the 1950’s, positive 
trends since the late 1990’s may be cause for optimism.  While Stedman and Dahl (2008) may 
have identified the Tampa Bay region as an area of greatest wetland loss from 1998 – 2004, this 
study shows that total freshwater wetland area in Hillsborough County has slightly increased 
(7.5% excluding phosphate mining lands; 8% inclusive of phosphate mining lands) from 1999 – 
2011.  As previously discussed, the benefits of increased wetland area within coastal watersheds 
are plentiful (Dahl and Stedman 2013; Mitsch and Gossilink 2000; Zedler and Leach 1998).  
During this period, Tampa Bay experienced a decrease in eutrophication (Greening and Janicki 
2006); however, any correlation was not addressed by this study. 
The second important trend identified is a preference for small-scale impacts to be offset 
through the permittee-responsible mitigation mechanism.  Unlike previous research that showed 
a trend to offset small impacts in mitigation banks (BenDor and Brozovic 2007), this study found 
that the vast majority of permittee-responsible mitigation projects resulted from impacts of 1.25 
ha or less.  Keeping in mind that SWFWMD’s LULC mapping methodology sets the wetland 
detection limit at 0.1 ha, most EPC sites should be included in the LULC data.  Maintaining 
these small mitigation wetlands scattered through the landscape is vital , as they are of critical 
importance to biodiversity, and their potential to serve as refugia and provide rescue effects to 
regional metapopulations dynamics have been documented (Semlitsch and Bodie 1998).  Many 
studies have observed that wetland patch dynamics and landscape configuration, not just total 
area, are crucial for many avian (Weller 1988, Villard et al. 1999) and amphibian species 
(Kolozsvary and Swihart 1999).  By conducting mitigation on-site and as “type for type”, 
ecosystem heterogeneity can hopefully be preserved throughout the watershed.  
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Third, we observed a disproportionate degree of loss between wetland types.  Based on 
LULC data, the profound decline in total freshwater wetland area in the Tampa Bay watershed 
has disproportionately affected non-forested systems over forested ones.  Exacerbated by 
increased pressure on natural resources from a growing population, these total losses could result 
in increased nutrient loading to nearby estuaries (Mitsch et al. 2001), increased flooding (Brody 
et al. 2007), and decreased biodiversity (Faulkner 2004; Zedler 2003).  The current observed 
trend of increased non-forested impacts mirrors the disproportionate total loss of non-forested 
wetland area observed within the watershed over the last 60 years.  Considering forested systems 
have historically occupied more than double the total wetland area of their non-forested 
counterparts, this preference for impact seems counterintuitive.  Many protected resident avian 
species depend on these non-forested wetlands for feeding, nesting, and/or mating during their 
life cycle (Goddard 2015); and many neotropical migratory birds utilize these wetlands as 
stopovers and seasonal habitat during winter (Ma et al. 2010).  Within the Tampa Bay watershed, 
declines in amphibian diversity (Haggerty 2010) and migratory bird utilization (Goddard 2015) 
have already been recorded in urban wetlands.  Possibly as a result of increased mitigation ratios, 
the proportional difference between forested and non-forested wetland area has decreased in the 
last two decades.  Other possible factors such as secondary loss, wetland conversion (from 
forested to non-forested), or inaccuracies in land use determination were outside this study’s 
scope but could contribute to the observed changes. 
When the EPC began mitigating wetland impacts in 1985, most wetlands in the historic 
core of Tampa had already been lost, and mitigation for these losses was rare.  As development 
spread inland during the 1980’s and 1990’s, wetland loss and subsequent urban expansion into 
north and northeastern Hillsborough County increased.  Just as the increasing population is 
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pushing new development into previously undisturbed areas, it is also increasing land use 
intensity within existing urbanized portions of the county.  This study identified an increase in 
mean drainage basin landscape development intensity within Hillsborough County from 1990 to 
2011, despite the increase in total freshwater wetland area.  This positive relationship between 
the change in drainage basin LDI values over time (LDIDBΔ) and the number of mitigation 
projects, total area of impact, and total area of mitigation suggest that mitigation alone is not 
enough to offset increasing anthropogenic impacts.  Possible confounding factors to LDI scoring, 
such as conversion of natural upland habitats and LULC misclassification were not investigated.  
At the ecosystem level, previous studies on LDI have indicated wetland function, especially for 
small systems, is control by interactions with its adjacent upland (Mack 2006).  These 
constructed wetlands, embedded in areas of high land use intensity, are likely to have lower 
functional value when compared to similar systems in rural settings (Cohen et al. 2004; Mack 
2006; Reiss et al. 2014).  As noted by Bell et al. (1997), landscape position can influence the 
progression of both structure and function in constructed systems. Thus, created wetlands within 
drainage basins undergoing progressive increases in land use intensity may be at a successional 
disadvantage. 
Acknowledging that landscape structure will likely change post wetland construction and 
potentially result in decreased functionality of wetlands with time is key to developing wetland 
policy and designs that can remain functional over time.  While it is currently unknown how 
increasing land use intensity affects wetland trajectories in urbanized landscapes and if created 
wetlands are resilient enough to withstand continued anthropogenic pressure, “futuristic 
restoration” (Choi 2004) approaches that take these changes into account may be necessary to set 
obtainable goals and improve a constructed system’s success.  In a static system, increased 
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mitigation ratios would decrease basin LDI as disturbed upland land use categories are converted 
to low LDI wetland communities, however these are not static systems.  Intensifying 
development and conversion of non-mitigated upland habitats is occurring in concert with 
wetland mitigation and is currently outpacing any ecological lift provided by these created 
wetlands.  
 Wetland mitigation was designed as a tool to help prevent wetland loss while still 
allowing for necessary urban and agricultural development (Ambrose 2000).  While direct 
impacts, such as filling and ditching, are quantifiable and often compensated through the 
mitigation process, secondary impacts such as changes in regional hydrology from increased 
groundwater pumping (Haag et al. 2005, Thurman 2016) can be more difficult to track and 
ameliorate.  Increased mitigation ratios may help offset both direct and indirect impacts in terms 
of physical wetland area, however additional compensation for unrelated indirect impacts is not 
the stated intent of wetland mitigation.  Despite the best intentions of policy makers and 
regulatory agencies, the shortcomings of wetland mitigation are well-documented within the 
ecological community (Choi 2004; Kusler and Kentula 1989; Moreno-Mateos et al 2012; Ruiz-
Jaen and Aide 2005; Zedler 1996).  While this study furthers the understanding of freshwater 
wetland loss and mitigation in Hillsborough County at the landscape scale, without knowing the 
condition of the individual mitigation sites, it is impossible to determine if the trend of increasing 
wetland acreage since 1999 signifies the beginning of a true turnaround for the region or if the 
increase in area only exists on paper.  In-depth research that includes the investigation of 
individual mitigation site condition is necessary to determine if wetlands can survive in an 
expanding urban landscape. 
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 In summary, this study confirms a disproportionate loss of non-forested wetlands in 
the Tampa Bay watershed from the 1950’s to 2011; a trend exacerbated by an increased 
frequency of permitted impacts to non-forested wetlands since 1985.   Fortunately, increased 
mitigation ratios imposed in the 1990’s seem to be closing the gap as the spatial extent of 
forested to non-forested wetlands trends towards historical ratios.  Despite of the observed 
increase in freshwater wetland area, LDI scores of drainage basins continue to climb and shift 
into higher LDI categories, indicating that permittee-responsible created wetlands are not 
offsetting increasing land use intensity at the landscape scale. 
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Table 1 Total Wetland Area (ha) by FLUCCS Habitat Type 1950's – 2011. 
FLUCCS Description 1950's 1990 1995 1999 2004 2005 2006 2007 2008 2009 2010 2011 
FORESTED* 42,607 0 0 0 0 0 0 0 0 0 0 0 
NON-FORESTED* 19,483 0 0 0 0 0 0 0 0 0 0 0 
BAY SWAMPS 0 267 236 232 174 176 176 176 178 178 178 178 
CYPRESS 0 5,895 5,929 5,905 6,139 6,139 6,143 6,139 6,098 6,099 6,088 6,093 
EMERGENT 
AQUATIC 
VEGETATION 
0 599 586 606 656 696 764 764 836 818 819 793 
FRESHWATER 
MARSHES 
0 5,919 5,583 5,680 6,923 6,970 7,620 7,678 7,811 8,026 8,061 8,439 
INTERMITTENT 
PONDS 
0 62 50 62 128 139 172 185 195 206 209 211 
NON-VEGETATED 0 1 0 0 0 0 0 0 0 0 0 0 
SHORELINES 0 31 11 9 23 22 26 30 70 80 69 66 
STREAM AND 
LAKE SWAMPS 
(BOTTOMLAND) 
0 22,337 22,359 22,162 24,281 24,278 24,118 24,014 24,010 23,993 23,979 24,019 
SUBMERGENT 
AQUATIC 
VEGETATION 
0 1 0 0 0 0 0 0 0 0 0 0 
TITI SWAMPS 0 0 0 0 0 0 0 0 0 0 3 0 
VEGETATED NON-
FORESTED 
WETLANDS 
0 1 1 1 0 0 0 0 0 0 0 0 
WET PRAIRIES 0 1,611 1,388 1,281 1,568 1,550 1,593 1,566 1,535 1,535 1,525 1,509 
WETLAND 
CONIFEROUS 
FORESTS 
0 325 279 272 192 191 191 189 187 185 185 185 
WETLAND 
FORESTED MIXED 
0 4,843 4,462 4,399 2,866 2,806 2,778 2,768 2,749 2,745 2,726 2,724 
WETLAND 
HARDWOOD 
FORESTS 
0 11 11 11 8 8 8 8 8 8 8 8 
Total Freshwater 
Wetland Area 
62,089 41,904 40,894 40,620 42,957 42,977 43,589 43,516 43,676 43,871 43,849 44,224 
 Freshwater wetland FLUCCS codes (FDOT 1999) derived from SWFWMD annual LULC data were summarized for each year 
of available data.  The 1950’s data (Rains et al. 2012), which classified wetlands by both structure (forested or non-forested) and 
hydrologic association (riverine, lacustrine, or other) were summarized as either forested or non-forested. *1950’s data did not 
use FLUCCS classification
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Table 2 Wetland Area (ha) Change by Type Excluding Phosphate Mined Lands. 
Wetland Type 1950's 1990 1995 1999 2004 2005 2006 2007 2008 2009 2010 2011 Delta % Change 
Forested 39,435 30,608 30,547 30,341 32,873 30,778 30,624 30,560 30,515 30,506 30,489 30,559 -8,877 -23% 
Non-Forested 17,842 7,122 6,845 6,973 8,698 8,694 9,102 9,146 9,382 9,525 9,507 9,800 -8,042 -45% 
Grand Total 57,277 37,730 37,391 37,314 41,571 39,472 39,726 39,707 39,897 40,031 39,996 40,359 -16,919 -30% 
Total freshwater wetland area by wetland type for all years of available data.  Delta and % Change vales were calculated to determine the change in wetland area from the 1950’s 
to 2011  
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Table 3 Impacts and Mitigation by Wetland Type for Permittee-Responsible Projects.  Excludes Site Types Phosphate, Mitigation 
Banks, Exempt Impacts, Wetland Preservation, and Wetland Enhancement 
Wetland Type Number of Projects Impact Area (ha) Mitigation Area (ha) Mean Mitigation Ratio 
Forested 292 199.02 327.27 2.56 
Non-Forested 430 322.05 743.94 3.56 
Grand Total 722 521.07 1,071.21 3.15 
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Table 4 Two-sample T-Test of Mitigation Variables between Forested and Non-Forested Wetlands (n = 722).   
Variable T-Value P-Value DF 
Mean Impact Area per Project 0.35 0.73 630 
Mean Mitigation Area per Project -1.66 0.09 533 
Mean Mitigation Ratio per Project -1.67 0.10 697 
Mean Impact Area per Year -1.51 0.14 36 
Mean Mitigation Area per Year -2.37 0.03 36 
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Table 5 Annual LDI scores for Hillsborough County Drainage Basins 
Variable           Mean  SE Mean  StDev  Minimum   Median  Maximum 
1990 4.15 0.13 1.75 1.10 3.82 8.18 
1995 4.24 0.13 1.71 1.15 3.91 8.09 
1999 4.40 0.12 1.69 1.15 4.05 8.09 
2004 4.60 0.12 1.61 1.10 4.35 8.11 
2005 4.63 0.12 1.61 0.58 4.36 8.11 
2006 4.52 0.11 1.43 0.59 4.36 8.11 
2007 4.56 0.11 1.43 0.59 4.40 8.11 
2008 4.59 0.11 1.44 0.59 4.45 8.11 
2009 4.59 0.11 1.45 0.58 4.48 8.11 
2010 4.60 0.11 1.45 0.58 4.49 8.11 
2011 4.61 0.11 1.45 0.59 4.47 8.11 
LDIDBΔ 0.46 0.07 0.97 -2.28 0.54 3.46 
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Table 6 Pearson Correlations between Basin LDI and Mitigation Projects. Top values are Pearson Correlation Coefficients; 
bottom values are P-Values.        
LDI2011 LDIDBΔ Number of 
Projects 
Number of 
Impact Sites 
Total Impact 
Area 
Number of 
Mitigation 
Sites 
LDIDBΔ -0.01 
     
0.89 
     
Number of 
Projects 
0.20 0.15 
    
0.01 0.04 
    
Number of 
Impact Sites 
0.27 0.20 1.00 
   
0.02 0.09 0.00 
   
Total Impact 
Area 
0.13 0.26 0.90 0.91 
  
0.27 0.02 0.00 0.00 
  
Number of 
Mitigation 
Sites 
0.26 0.20 1.00 1.00 0.91 
 
0.03 0.10 0.00 0.00 0.00 
 
Total 
Mitigation 
Area 
0.12 0.29 0.89 0.90 0.99 0.90 
0.32 0.01 0.00 0.00 0.00 0.00 
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Figure 1 Total Freshwater Area by Wetland Type: 1950's to 2011.     
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Figure 2 Freshwater Wetland Losses and Gains in Hillsborough County: 1950’s to 2011.  “Historic Wetlands” are those areas 
identified in the 1950’s data (Rains et al. 2012) that persist in the 2011 LULC data (SWFWMD 2014); “Wetland Loss” are the 
areas 1950’s absent in the 2011 data; “Wetland Gain” are areas of freshwater wetlands identified in the 2011 data that were not 
present in the 1950’s data.  “Phosphate Parcels” are properties owned by phosphate mining companies (SWFWMD).   
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Figure 3 Permitted Wetland Projects and Total Freshwater Wetland Area from 1950's to 2011.  Permitted impacts and 
mitigation dates based upon mitigation wetland construction date.   
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Figure 4 Change in Drainage Basin LDI from 1990 to 2011. 
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Figure 5 Distribution of Drainage Basins by LDI Categories for 1990 and 2011. Natural 0.0 - 2.0; Agricultural 2.1 - 5.0; Urban 
> 5.0. 
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CHAPTER 3: 
THE ROLE OF DESIGN AND LANDSCAPE POSITION IN THE 
STRUCTURE AND CONDITION OF CONSTRUCTED WETLANDS 
 
Introduction 
 Since the global “Ramsar Convention on Wetlands” in 1971, which recognized the 
value of wetlands and stated their continued loss “would be irreparable”, increased focus has 
been placed on restoring and replacing wetland ecosystems worldwide (Davidson 2014).  Many 
counties, including the United States, have enacted laws and regulations that protect wetlands 
and mandate negative impacts to wetlands, such as dredging, ditching, and filling, be offset 
through the process of wetland mitigation (Quétier and Lavorel 2011).  In the United States, one 
mechanism of wetland mitigation, “permittee-responsible” or “project-specific” mitigation, 
requires wetland impacts be offset by the preservation, enhancement, restoration, or creation of 
“in-kind” wetlands (i.e. freshwater marsh impacts are mitigated with freshwater marsh creation).  
In addition to this “type for type” restriction, created mitigation wetlands are required to be 
geospatially near the impacted system, typically within the same drainage basin (Gardner 2016).  
As the primary driver of wetland loss has shifted from conversion to agricultural lands to 
urbanization (Dahl 2011), these permittee-responsible wetlands are increasingly positioned in 
landscapes of increasing human development (Straka et al. 2016). 
 Restoration and creation of wetlands must be based on principles and theories from 
community ecology, ecosystem dynamics and trajectories, population dynamics, and landscape 
ecology (Falk et al. 2006).  Plant community structure, hydrology, and landscape location are all 
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critical to wetland function and value (Bedford 1996); the dilemma being that it may not  be 
possible to replicate these in a created system (Mitsch 1992; van der Valk and Jolly 1992).  For 
created permittee-responsible mitigation wetlands, ecological principles are applied to the design 
and construction of new systems intended to off-set the degradation or destruction of natural 
wetlands.  Whereas traditional restoration encourages larger scales and favorable site locations 
(Hanson et al. 2016), mitigation regulations that require in-kind replacement, geospatial 
proximity to the impact location, and minimization of impact area when impacts cannot be 
avoided, have resulted in the creation of many small, isolated urban wetlands (Hughes et al. 
2014).   
Regulatory restrictions are only one of the ways created mitigation wetlands differ from 
traditionally restored ecosystems.  Most ecosystem restoration seeks to return systems to a state 
that existed prior to human intervention (Falk et al. 2006), however mitigation wetlands are often 
created from existing upland areas that may have never possessed wetland ecosystems (Dahl 
2006).  Proper hydrology is a critical factor for wetlands (Stribling Struber et al. 2016) and for 
constructed systems that equates to proper design elevations that promote adequate hydroperiods 
for wetland vegetation (Bendoricchio et al. 2000).  Unlike natural succession (Connell and 
Slatyer 1977; Horn 1974), in ecosystem restoration and creation, humans take either an active or 
passive role in system revegetation.  In passively restored systems, revegetation occurs via pre-
existing seedbanks and propagule dispersal, while actively restored systems are planted with 
desired species to speed succession to a desired endpoint (De Steven et al. 2010).  Most 
mitigation projects utilize active revegetation to shorten the time to achieve conditions specified 
by agencies for project success criteria.  Often, species from the desired stable state community 
are planted initially in the hope of reducing the time for project release.  As vegetation becomes 
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established, it alters the environment by securing sediments and preventing erosion, stabilizing 
banks and shorelines (Larsen & Harvey 2010), facilitating soil development (Stolt et al. 2000, 
Nair et al. 2001), and altering wetland chemistry and hydrology (Ehrenfeld and Schneider 1993).  
These planted vegetation communities are left to coalesce as the systems continue on their 
“trajectory”, the hypothetical pathway that a created or restored system may take (Aronson & 
Floc’h 1996).   
Wetland mitigation relies on the principle of ecosystem trajectory to determine if a 
constructed site is suitable for release from its legally mandated period of maintenance and 
monitoring (Zedler and Callaway 1999).  Once a system is determined to be following a 
trajectory towards the desired stable state, the permittee can request “release” from the 
monitoring requirements, although they typically remain responsible for the success of the 
system.  If the permitting agency determines a system is not on the proper trajectory, release can 
be withheld, and the permittee must continue to maintain and monitor the site.  Mitigation 
release typically occurs within 3-5 years after construction (EPC 2009) and assumes that created 
wetlands will continue their current trajectory, thus it can occur before a system is self-
sustaining.  However, once the system has been released and is no longer actively maintained or 
monitored, it is susceptible to disturbance, and secondary succession may yet occur.  Thus, it is 
often unknown if a constructed system ever becomes self-sustaining.  Although reliance on these 
hypothetical trajectories has been debated (Choi 2004; Walker et al. 2010), an understanding of 
how constructed systems change over time is necessary for land managers and restoration 
practitioners.  Many restoration practitioners do not consider a restoration project  successful 
until created or restored sites are self-sustaining, functional-equivalents of their natural 
counterparts (Brown & Lant 1999; Ruiz-Jaen & Aide 2005; Wilcox 2012). This may take years 
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for non-forested sites (Martin and Kirkman 2009) and decades for forested sites (Tepley et al. 
2014) to reach an intended stable state.  Due to these lengthy establishment period and the fact 
wetland mitigation is a relatively young practice, the long-term status of many mitigation 
wetlands is often unknown. 
   This research sought to establish the relationship between created freshwater wetland 
design and current condition in an urbanized, coastal watershed.  From the Hillsborough County 
Environmental Protection Commission’s (EPC) database of over 700 created freshwater wetland 
mitigation projects spanning 30 years, constructed wetland baseline conditions were determined 
from engineer’s construction design plans and wetland monitoring reports.  These baseline data 
were used in conjunction with data from field surveys of wetlands in their current state to 
facilitate a chronosequence analysis (Dickson and Crocker 1953, Burges 2017) of wetland 
condition and to determine if created wetlands are maintaining their intended successional 
trajectories.  Changes within the areas surrounding each wetland were quantified using the 
Landscape Development Intensity (LDI) index (Brown and Vivas 2005) to account for 
anthropogenic pressure on the created systems (Goldberg and Reiss 2016).  The goals of this 
study were to answer the following questions: What is the current condition of created freshwater 
mitigation wetlands in Hillsborough County, Florida?  Do forested and non-forested wetlands 
maintain similar trajectories after release? And finally, how do design and changes in the 
landscape influence created wetland condition over time?        
Methodology 
Site Selection and Data Analysis 
 Study sites were selected from a database of 722 permittee-responsible, created 
freshwater wetlands derived from the Hillsborough County Environmental Protection 
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Commission’s wetland mitigation database.   The “age” of each wetland in the EPC database was 
calculated as the time between mitigation release, the point when mandated wetland monitoring 
stops, and the end of the sampling period (31 October 2014).  Per EPC policy, release occurs 
after no fewer than three years for non-forested sites and 5 years for forested sites; and only after 
the wetland is determined to have greater than 85% coverage of desirable native plant species 
and less than 10% coverage of exotics.  During the initial establishment period, wetlands are 
actively maintained and monitored to meet release criteria.  Sites were then grouped into five age 
classes: 0-5, 5-10, 10-15, 15-20, and 20+ years.  Sites from the 0-5 category were excluded from 
the study to minimize the influence of the maintenance period.  From the remaining four age 
classes 10 sites of each wetland type were selected using a stratified, random sample.  The 
“random number” function of Excel was used to generate a unique random number for each site, 
then sites were sorted in ascending order based on this number.  The first ten forested and non-
forested sites in each age class were selected for field sampling, resulting in total of 80 
freshwater wetlands.   
 Following selection of the 80 sample sites, ten alternative sites were selected from 
each category to account for site exclusion due to incomplete project files.  Sites were also 
eliminated if currently under enforcement (for known violations of the permit), or if access 
restrictions were likely.  Such sites were replaced by the next site of identical wetland type in its 
age class from the alternatives based on the pre-assigned random number.  In some cases, access 
restrictions were not identified until the site was visited and was immediately replaced.  Many 
projects consisted of several distinct wetland sites instead of one contiguous system.  In such 
cases, one site was randomly selected as a representative for the study.      
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Establishing a Chronosequence Baseline 
To utilize the chronosequence approach, baseline data for each created wetland had to be 
established.  From the engineer’s final design plans or the as-built surveys (records taken after 
construction is completed) consisting of parcel boundaries; existing elevations prior to 
construction; elevations following construction; and detailed planting plans with location, 
species, and quantity information were used to determine the species abundances installed at 
each site.  If additional re-plantings occurred prior to project release, those quantities were added 
to the amount from the design.  Final plant counts reflected the total number of installed plants 
during both the initial construction and maintenance and monitoring phases of wetland creation 
based upon the best available data from the mitigation files.  From the planting data, richness 
(Sdesign), Shannon-Weiner Diversity Index (Hdesign), Evenness (H’design), and Simpson’s Index of 
Diversity (Dsdesign) were determined (Magurran 2004).  
Using data from the mitigation file and historical aerial imagery, each wetland design was 
evaluated using the Wetland Rapid Assessment Protocol (WRAP) (Miller and Gunsalus 1997).  
Scores were tabulated using historical aerial imagery from the time of release or nearest available 
year, topographic maps, and stormwater data to determine conditions at the time of release.  
Because each created wetland was released from its mitigation requirements, it could be safely 
assumed that the site met minimal mitigation requirements (i.e. greater than 85% desirable 
species in good health, fewer than 10% nuisance/exotics, etc.) and that the designed on-site 
hydrology was appropriate.  WRAP scoring was completed using aerial imagery, supplemental 
topographic, and stormwater data, and assuming that vegetation community and hydrology were 
appropriate at the time of release. 
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Landscape Development Intensity 
 Landscape changes to the surrounding wetland area were tracked by calculating LDI 
scores for each of the surveyed wetlands’ buffers.  From the mitigation files, final engineer’s 
design plans or the as-built surveys for the selected and alternative sites were digitized and 
georeferenced into ArcMap 10.3.1 (ERSI 2014).  From the digitized construction plans, wetland 
boundaries were converted into polygon shapefiles for all selected and alternative sites (n = 120).  
To verify correspondence of created polygons to the design conditions, the “calculate geometry” 
function of ArcMap was used to determine the area of the polygon, which was compared to the 
stated size of the wetland from the mitigation file.  Polygons were considered identical to the 
plans if the area was ±5% of the stated design area. 
 LDI was calculated for each created wetland for every year of available data since the 
wetland was constructed.  The following formula was used to calculate LDI within a 100-meter 
buffer around each wetland: 
 LDIwetland = ∑%LUi * LDIi  
where LDIwetland = LDI score for the created wetland; LUi = percent of the total area of influence 
in land use i; LDIi = landscape development intensity coefficient for land use i (Brown and Vivas 
2005).  If the wetland was released during a year that land use land cover (LULC) data were not 
available (i.e. 1987-1989, 1991-1994, 1996-1998, 2000-2003), the dataset for the year closest 
following release was used as the first year (LDIinitial).  Supporting land use categories were 
assigned to each wetland based upon their LDI index scores (Natural 0.0 – 2.0, Agricultural 2.1 – 
5.0, Urban > 5.0) for the years 1990 and 2011 to detect categorical shifts (Brown and Vivas 
2005; Lin, Shang, and Chen 2013).     
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 For the total database of digitized wetland projects (n = 120), summary statistics were 
run to calculate the mean LDI score of created freshwater wetlands for each year of available 
LULC data.  LDI∆ was determined by subtracting the current year’s LDI score (LDI2011) by the 
LDI score from the wetland’s first year, LDIinitial.  LDIΔ% was determined by dividing LDI∆ by 
LDIinitial. 
 LDI∆ = LDI2011 - LDIinitial 
 LDIΔ% = LDI∆ / LDIinitial 
Pair-wise tests were conducted to determine if differences existed between forested and 
non-forested sites.  General linear regressions analyses were performed to determine the 
relationship between project LDI∆ and Age (Timesurvey). 
Field Surveys 
Field surveys were conducted from 1 April to 31 October 2014 during the “wet” or 
“growing” season to facilitate plant and hydrology assessments and determine current wetland 
conditions.  Each wetland was surveyed once during this period.  At each wetland, general site 
information was recorded prior to initiation of any quantitative field sampling to document the 
current condition of the mitigation site.  General conditions of the site and the surrounding area 
where noted prior to commencing sampling (Table 7).  
Vegetation Sampling 
Prior to arriving at the site, belt transect locations were established using ArcGIS.  Four 
transects were created by randomly selecting four numbers between 0 and 359, representing the 
degree from cardinal north along the wetland boundary.  These locations were mapped in GIS 
and uploaded to the handheld Trimble GeoExplorer or Geo7x unit for ease of locating in the 
field.  Each transect began at the upslope limit of the wetland and extended perpendicularly 
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towards the center of the wetland, varying in length.  Transect locations were delineated on the 
aerial site map along with the approximate construction plan boundary of the mitigation site.  If 
no transects were considered representative of the system or did not exist completely within the 
wetland (a common occurrence in irregularly-shaped wetlands), new transects were established.  
If the center of the wetland was less than 20 meters from the transect origin, the transects were 
extended either to the 20-meter mark or until the transect intersected the wetland boundary again, 
depending on site conditions.  For wetlands with widths less than 20 meters, multiple transects 
were selected to ensure that a representative sample from a minimum of 20 meters could be 
obtained. 
In the field, the final transect was haphazardly selected from the four possibilities based 
on accessibility and the jurisdictional wetland edge.  Stakes were used to mark the beginning and 
end of a transect, and a measuring tape extended to set the center line and record transect length.  
Both the groundcover and forested assessments utilized the same transect, with the groundcover 
assessment occurring adjacent to the centerline and the forested assessment occurring within a 
10-meter belt transect extending 5 meters on each side of the center line.  Major vegetation zones 
were recorded, starting at the origin, with the distance along the transect and dominant plant 
species documented for each. 
Groundcover Assessment 
Groundcover plants included all herbaceous, shrub, and tree species less than 1 meter tall.  
To measure vegetative cover, a 1 m2 quadrat with 25 string point-intercepts was used.  Quadrats 
were haphazardly placed within every 5-meter section of the transect.  For transects less than 20 
meters long, or those with less than 2 quadrats per vegetation zone, an additional transect was 
utilized to maintain a minimum of 2 quadrats per unique zone.  To record groundcover, the 
quadrat was placed to the right of and adjacent to the center line of the transect (as marked by the 
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measuring tape) to allow field staff to walk on the opposite side of the quadrat and avoid 
trampling the sampling area.  The quadrat rested on the vegetation, and at each intercept point, a 
sampling pin was lowered until it contacted vegetation or other material.  The first plant the pin 
touched at each point-intercept was recorded to the genus or species level, if possible.  If the 
sampling pin did not touch living vegetation, the type of abiotic groundcover was documented 
(i.e., bare ground, litter/duff, or water).  Percent groundcover was calculated by subtracting the 
cumulative percentage of leaf litter/debris (L/D), bare ground (BG), and water (WTR) from 
100%.  Multiple regression analyses were conducted to determine the impact of design and 
environmental variables on survey groundcover.  Areadesign, Timesurvey, LDI2011 (derived from the 
most recent year of available LULC data), Sgcdesign, and Dsgcdesign we used as inputs in backwards 
stepwise multivariate regression model.      
Forested Assessment 
Within the 10-meter belt transect, all woody plant species were documented.  Utilizing 
the same 5 meter divisions as the groundcover assessment, all shrub and tree species were 
counted and sampled for height and diameter at breast height (DBH).  For species with multiple 
stems originating from a common root system, one record was taken using the largest stem.  For 
individuals with less than 2.54 cm DBH, a value of “0” was recorded.  Biodiversity calculations 
and analyses followed the same methodology as groundcover assessments.  Height was assigned 
to one of six categories: 0 - 0.9; 0.9 – 1.5; 1.5 – 3.0; 3.0 – 4.6; 4.6 – 6.1; and 6.1+ meters.  The 
category with the greatest number of recorded individuals was determined to be the overall 
canopy height, unless the number of recruits (individuals less than 3.0 m) outnumbered the 
overstory species, in which case, the overstory category with the great number of individuals was 
selected.    
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Species Abundance and Site Similarity Assessment 
 Species abundance data for all designed and surveyed plants were compiled and 
evaluated for trends in similarity.  Cluster and nMDS plots were used to visualize distinct 
wetland groups based upon vegetation composition.  Due to the large number of total species (n 
= 187) and unique species (those that constituted less than 1% total abundance; n = 164) in the 
surveyed group, only those species that constituted more than 1% of the total species abundance 
were used in the evaluation.  For the design species data, all species were included (n = 98), 
which prevented the elimination of unique tree species.  Using the defined groups from the 
cluster and nMDS, ANOSIM and SIMPER analyses were conducted to identify the average 
similarity (r) and significance (P) of the relationships as well as the species composition of each 
group.  A one-way SIMPER analysis with the categorical WRAP scores was completed to 
determine the species make-up of each surveyed conditional group. 
Wetland Area 
 Using a Trimble GeoExplorer or Geo7x (post-processed 1cm horizontal accuracy), 
wetland boundaries were delineated per the Florida Unified Wetland Delineation Methodology 
(Chapters 62-340, Florida Administrative Code.).  For wetlands that were contiguous throughout 
the interior of the boundary, a polygon was created by collecting a series of connected GPS 
points while walking the upper elevational limits of the wetlands.  In the case of littoral wetlands 
adjacent to large, open-water habitats, the landward extent and the water-ward extent of the 
wetland were collected as separate polylines, then combined into a singular polygon during 
subsequent processing.  All collected features were differentially corrected using GPS 
Pathfinder® Office Suit v5.7 (2013).  In a few instances, created systems abutted natural 
wetlands, making it difficult to determine the boundary between the constructed and existing 
wetlands.  Using aerial maps of the project site as guidance, the constructed wetland boundary 
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was determined within the existing wetland, then clipped to the design boundary during 
subsequent processing.  This approach limited the possible wetland area to 100% of the designed 
footprint.  The functional wetland area percent (FWA) was calculated by determining the 
percentage of the design footprint that persisted as a jurisdictional wetland at the time of 
sampling.   
 FWA = (Areasurveyed) / (Areadesigned)   
To determine if the shape of wetlands influenced the change in wetland area, the fractional 
dimensional index was calculated for each designed wetland area.  FRAC = (2 x ln (.25 x 
pij))/ln(aij), where pij equals the perimeter of a wetland’s designed boundary (m) and aij equals the 
area of a wetland’s designed footprint (m2).  FRAC values increase from 1 to 2 with increasing 
shape complexity.  
Hydrology 
Informal surveys, or Vertical Elevation Determinations (VEDs), were established for 
minimum flood elevation, seasonal high-water elevation, wetland edge, maximum depth 
elevation, and normal pool elevation; all recorded in NAVD88.  These elevations were compared 
to the mitigation site plan design to determine if any changes had occurred.  Using established, 
adjacent survey benchmarks, VEDs were conducted within the mitigation sites.  If no survey 
benchmarks were available near a site, a temporary benchmark was created.  Normal Pool (NP) 
and Seasonal High Water (SHW) elevations were recorded using methods published and/or 
codified by the SWFWMD and/or FDEP.  Following survey of all relevant features (stain lines, 
wrack lines, adventitious roots, lichen lines), a final survey was taken back at the benchmark to 
“close” the survey.  To ensure accuracy, closure back to the survey benchmark was only deemed 
successful if the closure elevation reading was within 0.03 meters of the actual known elevation.  
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Comparisons were conducted between design elevations and field elevations, as well as field 
elevations and wetland conditions.  
WRAP Evaluation 
Design Assessments 
Because many of the wetlands were constructed prior to current wetland assessment 
methodologies, wetland designs were scored using current WRAP guidelines based on known 
conditions at the time of mitigation release.  Using data from the mitigation file, historical 
imagery, topographic maps, and stormwater designs from the time of release, each created 
wetland was evaluated using WRAP assessment protocols. WRAP guidelines are established by 
the Wetland Rapid Assessment Procedure (WRAP) Technical Publication REG-001 (Miller and 
Gunsalus 1999).  A score of 3 is considered optimal or having 100% of a natural wetland’s 
functional value.  A score of 2 is equivalent to 67% functional value or a 33% functional loss, 
while a score of 0 indicates that a system is severely impacted and is exhibiting negligible 
attributes.  Each variable can be scored in half (0.5) point increments if it does not fit or is not 
accurately described by the calibration description.  Half point increments are utilized on the 
point scale from 0.5 through 2.5.   If any variable does not apply, a designation of "NA" (not 
applicable) can be assigned.  WRAP scores were assigned assuming that sites met the 
requirements set forth by the mitigation permit, the designed hydrology was appropriate for the 
site, and that wildlife utilization would occur based on community structure and connectivity to 
nearby habitats.  Final WRAP score is determined by dividing the cumulative score by total 
number of possible points, resulting in a value between 0.0 and 1.0. 
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Field Survey Assessments 
 WRAP scores were completed in the field following the vegetation surveys and GPS 
delineation of the wetland edge.  This ensured that 100% of the site perimeter was walked and 
that observations on wildlife utilization and the vegetation community were conducted 
throughout the site interior.  Aerial photography and FLUCCS data from 2011 (SWFWMD) was 
used to assist in the evaluation of the Habitat Support and Water Quality Input and Treatment 
categories.  Wetlands were evaluated as they existed under current conditions, independent of the 
design plan.  The difference between designed wetland scores and surveyed wetland scores was 
recorded as the ∆. 
 WRAP∆ = WRAPsurveyed – WRAPdesigned 
To conduct the one-way SIMPER analysis on surveyed species composition and WRAPsurvey 
scores, each site was assigned a category based on its final score.  Category 1 equaled 0.7 to 1.0, 
Category 2 equaled 0.4 to 0.07, and Category 3 equaled 0.0-4.0.  
Corrected Wetland Condition 
 Due to the nature of WRAP, field scoring of wetland condition was limited to the 
wetland area at the time of survey.  Thus, any changes in wetland size from time of release were 
not considered.  Since wetlands were created with area requirements, WRAP scores were 
“corrected” to reflect any size in total area using the following equation: 
 WRAPcorrected = WRAPsurvey * FWA 
This approach ensured that the entire footprint of the intended wetland was included in the 
wetland assessment process. 
Wetland Condition Model 
 A backwards stepwise multiple regression analysis was used to determine which 
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parameters had the greatest effect on created wetland condition.  Predictor variables used in the 
model were Timerelease, Timesurvey, Areadesign, LDIinitial, LDIsurvey, WRAPdesign, LDIΔ%, richness 
(Sdesign), Shannon-Weiner Diversity Index (Hdesign), Evenness (H’design), and Simpson’s Index of 
Diversity (Dsdesign) for both groundcover and canopy species, designed normal pool depth (NP 
Depthdesign), designed seasonal high water depth (SHW Depthdesign), and wetland shape (FRAC).  
Contributing parameters identified by the regression were then evaluated via Pearson’s 
Correlation to ensure no autocorrections existed in the final models.  If an autocorrelation was 
found, the parameter with the greatest contribution to the model (R2) was retained, the other 
was removed, and the model was re-run.  Each model produced optimal conditions for the 
selected parameters to achieve a WRAP score closest to 1.0, as well as three top alternative 
scenarios. 
Status of Created Wetlands in Hillsborough County 
 Following analysis of the surveyed wetlands, statistical results were applied to the 
parent database of created, permittee-responsible freshwater wetlands (excluding phosphate 
mitigation and mitigation banks).  Corrected areas were determined by multiplying the Areadesign 
by the mean FWA for forested and non-forested wetlands.  This approach assumes that the 
randomly selected sample is representative of the parent population.     
Results 
Survey Sites 
 A total of 65 of the 80 randomly selected sites were sampled during the sampling 
period; 29 forested and 36 non-forested wetlands varying from 6.5 to 23.7 years since release 
(mean Timesurvey ± SE; 15.78 ± 0.63) (Figure 6).  On average, sites required 5.9 ± 0.31 (mean ± 
SE) years from the initiation of construction until mitigation release (Timerelease).  The designed 
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area (Areadesign) of the constructed sites ranged from 0.005 to 3.02 hectares, with forested sites 
averaging 0.43 ± 0.10 and non-forested sites averaging 0.50 ± 0.09 ha.  No statistical differences 
were detected between wetland types for Timerelease (χ2 = 0.37, P = 0.54), Timesurvey (χ2 = 0.01, P 
= 0.91), or Areadesign (χ2 = 0.80, P = 0.37).  Mitigation ratios were calculated for each project, but 
because projects may consist of multiple sites, Areadesign does not always reflect these ratios.  
Project mitigation ratios (hectares of mitigation: hectares of impact) ranged from 1:1 to 14:1 
(mean 1.76:1 ± 0.23), with no significant difference detected (χ2 = 0.80, P = 0.37) between non-
forested (1.85 ± 0.37) and forested (1.63 ± 0.21) sites.  Geographic distribution of selected sites 
resembled the distribution pattern for total mitigation within the county (Figure 7), with many of 
the sites falling within areas of increasing development.  
Landscape Development Intensity 
 From 1990 to 2011, mean annual LDI scores for created freshwater wetlands within 
Hillsborough County (n = 120) increased by 0.77 (± 0.10), or 30%.  As the number of mitigation 
wetlands increased over time, maximum and minimum LDI values remained consistent 
(Appendix E).  For the surveyed sites, the mean LDI score of non-forested systems was greater 
than forested systems for every year of the study (Figure 8).  A linear regression analysis of LDI 
scores for each of the 120 wetlands yielded no significant relationship between LDI∆ and 
Timesurvey for the surveyed sites (P= 0.18, R2 = 0.02; r = 0.12).  A quadratic regression of LDI∆ 
and Areadesign yielded a significant relationship (P = 0.027) but a small R2 value (0.06).   No 
significant relationships were found between LDI∆% and Area or Age.  Twenty-three of the 120 
sites experienced no change in LDI over the course of the study.  
For the surveyed sites (n = 65), mean annual LDI scores increased by 14% with an 
increase in mean individual LDI∆ scores of 0.65 resulting in a shift in land use category for 23 of 
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the 65 sites.  Wilcoxon signed-rank tests indicated a significant change in LDI from the time of 
release, LDIinitial, to the time of survey, LDI2011 (Z = -4.96, P <0.001).  Maximum and minimum 
annual scores remained stable with an increase of 0.05 and 0.15, respectively, even as the 
number of wetlands increased.   Mean annual LDI scores for forested sites were less than non-
forested sites for all years except 1990, with an average annual difference between the two 
wetland types of 0.40 (Figure 9).  Results of a general linear model comparing interannual LDI 
scores between forested and non-forested sites showed no significant difference for any given 
year or for LDI∆% (Appendix F).  Regression analyses between LDI∆% and Timesurvey (P = 0.70, 
R2 = 0.003, r = 0.050) and LDI∆% versus Areadesign (P = 0.85, R2 = 0.001, r = 0.03) yielded no 
significant relationships. These results indicate that development is intensifying at similar rates 
around both wetland types.  
Field Surveys  
Vegetation Sampling 
Groundcover Assessment 
Design Data 
 A total of 376,414 individual plants from 67 species comprised the designed 
groundcover for the 65 surveyed wetlands.  Pontederia cordata (pickerel weed) was the most 
common species planted, accounting for 20% of all groundcover species planted (75,251 
individual plants).  The ten most common species, in order of decreasing presence were, 
Pontederia cordata (pickerel weed), Sagittaria lancifolia (bulltongue arrowhead), Juncus effuses 
(soft rush), Spartina bakeri (smooth cordgrass), Panicum hemitomon (maidencane), Canna 
flaccida (golden canna), Schoenoplectus validus (softstem bulrush), Nymphaea odorata 
(American white waterlily), Muhlenbergia capillaris (hairawn muhly), and Eleocharis baldwinii 
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(spikerush), which accounted for 75% of the total number of planted individuals (Appendix G).  
Of the 65 sites, two lacked any planted groundcover species.  For all sites, the mean number of 
species planted was 5.953 (± 0.354), with a minimum of zero and a maximum of 15.  Two-
sample t-test (normal data distribution) and Mood median test (non-normal data distribution) 
analyses of groundcover plantings by wetland type showed no significant difference for Sdesign, 
Hdesign, H’design, or Dsdesign between forested and non-forested sites, indicating that the number of 
species and individual groundcover plants installed at forested and non-forested sites was similar 
(Table 9). 
 Of the 65 sites, 64 had information in the file indicating if re-plantings were 
necessary during the monitoring period.  Twenty-five of 28 forested sites (89%) were replanted 
compared to 21 of 36 (58%) of the non-forested sites.  Mood’s Median tests indicated no 
significant differences in the surveyed WRAP scores of replanted versus non-replanted sites (χ2 
= 0.02, P = 0.88).   
Survey Data 
 Many of the sites had barriers, either man-made or vegetative, around portions of the 
perimeter that prevented access to one or more of the proposed transects, but only a few (n = 3) 
required an adjusted transect to be established for vegetation surveys.  From the field surveys, a  
total of 6,567 individual plants representing approximately 140 different species were sampled 
(42 were only able to be identified to the genus level, and 2 were unable to be identified) using 
the point-intercept method.  Salvinia minima (water spangles), Panicum repens (torpedo grass), 
Pontederia cordata (pickerelweed), Ludwigia peruviana (Peruvian primrose-willow), Panicum 
hemitomon (maidencane), Sagittaria lancifolia (bulltongue arrowhead), Woodwardia spp. (chain 
fern), Lemna spp.(duckweed), Ludwigia repens (red ludwigia), and Thalia geniculate (fire flag) 
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were the ten most abundant species of groundcover, in order of decreasing presence; comprising 
50% of the total survey population (Appendix H).  The mean number of observed species per 
wetland was 8.6 (± 0.55) with range of 0 to 20.  
Two-sample t-test (normal data distribution) and Mood median test (non-normal data 
distribution) analyses by wetland type showed no significant difference between forested and 
non-forested (Table 10).  In addition to the biodiversity indices, groundcover percentage was 
calculated for all surveyed sites.  Mean percent groundcover for all sites was 69% (± 3%) with 
non-forested sites (74% ± 3%) exhibiting a higher percentage than forested (63% ± 6%).  
Forested sites had a greater range (7 – 97%) compared to non-forested (29 – 100%).  Three of 
the 65 sites (2 forested; 1 non-forested) possessed only open water, litter/duff, or bare ground 
within the sampling transect and were excluded from the calculations.  Mood’s median analyses 
of groundcover percentage by wetland type showed no significant difference between forested 
and non-forested sites (χ2 = 0.26, P = 0.61, DF = 1). 
Multiple regression analyses of survey groundcover percentage found a weak significant 
relationship between survey groundcover and LDI2011 for all sites (P = 0.03, R2 = 0.11); however, 
when the model was run on each wetland type separately, design richness (S) became the greatest 
contributor the model.  Forested (P = 0.04, R2 = 0.49) and non-forested wetlands (P = 0.02, R2 = 
0.35) each displayed a significant relationship between surveyed percent groundcover and the 
model variables with design richness accounting for 41% and 39% of the model variation, 
respectively.  
Groundcover Vegetation Change 
 For all sites, significant changes were detected from design to survey for richness (Z 
= -3.90, P <0.000), evenness (Z = 6.132, P < 0.000), and Simpson’s Diversity Index (Z = 2.26, P 
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= 0.02).  Both forested and non-forested systems experienced a mean increase in the total 
number of groundcover species, while simultaneously displaying a reduction in Shannon-
Weiner, Evenness, and Simpson’s scores.  No statistical differences were detected between the 
two wetland types (Table 11).  
Canopy Assessment 
Design Data 
 Canopy communities, plants greater than 1 meter in height, within the created 
wetlands displayed slightly less variation in their richness (S) compared to the designed 
groundcover communities (Table 12).  A total of 21,857 individual plants representing 
approximately 30 species made-up the designed canopy for the 65 surveyed wetlands.  Cypress 
(including Taxodium spp., T. ascendens, and T. distichum) was the most common species 
planted, accounting for 35% of all canopy species (7,557 individual plants).  The ten most 
common species were Taxodium spp.(cypress), Acer rubrum (red maple), Myrica cerifera (wax 
myrtle), Cephalanthus occidentalis (button bush), Taxodium ascendens (pond cypress), 
Taxodium distichum (bald cypress), Itea virginica (Virginia willow), Quercus spp. (oak), 
Quercus laurifolia (laurel oak), and Nyssa sylvatica (black tupelo) which accounted for 85% of 
the total number of planted individuals.  Nineteen of the 65 sites had no records of canopy 
species being planted (17 of which were classified as non-forested).  Six sites (all non-forested) 
only included one canopy species in their design.  Evaluation of canopy design by wetland type 
revealed forested richness (S) was statistically greater than non-forested sites, however no 
differences were detected for H, H’, and Ds (Table 12).       
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Survey Data 
From the field surveys, a total of 2,365 individual plants representing 31 species were 
sampled (two were only able to be identified to genus, and one was unable to be identified) using 
the belt transect method.  Acer rubrum (red maple), Myrica cerifera (wax myrtle), and Taxodium 
(including Taxodium spp., T. ascendens, and T. distichum) were the most commonly identified 
species of canopy vegetation; comprising 60% of the total survey population.  The mean number 
of observed species per wetland was 4.31 (± 0.43) with a low of zero and a maximum of 11 
(Table 13).  Analyses of the surveyed canopy composition by wetland type showed a significant 
difference between forested and non-forested sites for S, but not H, H’, and Ds.  In addition to the 
species counts, tree height was recorded for all canopy species within the belt transect.  A 
majority of sites (n = 37) had a canopy of 6.1 m. or greater (Figure 11), while 15 sites had no 
canopy structure.  Each species’ mean DBH per height category was calculated to assess growth 
within the created wetlands (Appendix I).   
Vegetation Change 
 For all wetlands, significant changes were detected for canopy richness (Z = -2.87, P 
= 0.004) and evenness (Z = 4.24, P < 0.000) from design to survey, with no differences detected 
between wetland types.  Sites designed as either forested or non-forested displayed similar 
changes to mean S∆, H∆, H'∆, and Ds∆ (Table 14).    
Species Abundance and Site Similarity Assessment 
 Cluster and non-metric multidimensional scaling (nMDS) analyses were used to 
analyze vegetation species composition for the wetlands’ design and survey data.  For the design 
data, 14 groups were formed based on their species similarity (R = 0.79, P = 0.01), however 7 
consisted of a single wetland site (Figure 12).  From the SIMPER analysis on designed data 
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(Table 15), five groups (M, L, N, K, and J) were dominated by herbaceous wetland species 
compared to two unique groups (A and I) with dominate tree species.  The remaining seven 
groups consisted of less than two wetland sites and could not be analyzed by SIMPER. 
 For the surveyed data, all recorded species and abotic data that constituted greater 
than 1% of the total species abundance were included in the initial analysis (Clarke and Warwick 
2001), reducing the number of species from 187 to 23 (including bare ground, open water, and 
leaf litter/debris).  Cluster and nMDS analyses resulted in nine site groupings by similarity (R = 
0.68, P = 0.01).  The SIMPER analysis (Table 16) identified five groups (G, D, F, I, and H) 
where the dominant surveyed “species” was leaf litter/debris (L/D); three of which (G, D, and I) 
had herbaceous species as the second largest contributor, one (F) had trees or woody vegetation, 
and one (H) had open water (WTR).  Groups C and E had invasive exotics identified as major 
contributors, with C was dominated by open water and the Panicum repens (torpedo grass) and E 
dominated by Salvinia minima (water spangles).  Only two groups, A and B, had desirable native 
species as the primary contributor in terms of abundance, with A possessing Acer rubrum (red 
maple) and B possessing Thalia geniculate (fire flag).  To assess the species composition of the 
vegetative cover with the sites (average 69%± 3% of surveyed wetland area), cluster and nMDS 
analyses were repeated on the survey data utilizing only vegetation data (bare ground, water, and 
leaf litter/debris were removed) from the field surveys (Figure 13).  Removal of abiotic data 
resulted in five site groupings (Table 17) based upon similarity (R = 0.66, P = 0.01).  Three 
groups (B, D, and E) had invasive species as the dominant species (Ludwigia peruviana, 
Panicum repens, and Salvinia minima; respectively).  The of the remaining two groups, one was 
dominated by forested species (Group C) and one by non-forested species (Group A).    Results 
of the one-way SIMPER analysis on surveyed species using Timesurvey (Table 18) showed a low 
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average similarity for each group (23.97 or less).  The invasive species Salvinia minima can first 
be observed as dominant species in the 15 – 20 year age category (Group C); while the 20+ years 
age group (Group D) possessed two invasive species, Ludwigia peruviana and Panicum repens 
(Figure 14).            
Wetland Area 
 GPS surveys of the jurisdictional wetland line typically showed a decrease in wetland 
area compared to the original design.  Nine (n = 9) of the assessed sites changed by less than 
±1% of their designed area.  The total area lost was 5.39 ha, approximately 18% of the total 
designed wetland area.  Forested wetlands had an Areasurvey of 10.37 ha compared to an intended 
Areadesign of 11.965 ha, a difference of 1.57 ha.  Non-forested wetlands had an Areasurvey of 14.5 
ha compared to an intended Areadesign of 18.32 ha, a difference of 3.82.  A Wilcoxon sign-rank 
test between total designed area (Areadesign) to total surveyed area (Areasurvey) for all sites 
revealed a significant difference in wetland size (Z = -6.73, P < 0.001).  In terms of total area 
lost, non-forested systems experienced a greater proportional loss of total area at 20.85% 
compared to 15.14% in forested systems.  When analyzed on a per project basis, mean percent 
change in wetland area between the two wetland types were not statistically different (χ2 = 0.37, 
P = 0.54, DF = 1).  Non-forested sites experienced a mean percent change in area per wetland of 
-22% compared to -23% for forested systems.  Pearson’s Correlations (Table 20) between 
AreaΔ%, Timerelease, Timesurvey, Areadesign, Areasurvey, LDIinitial, LDI2011, LDI Δ%, and FRAC 
determined that only Areasurvey was significantly related to the change in wetland area (P = 0.004; 
R2 = 0.349).    
Reflecting the size reduction of many wetlands, the Functional Wetland Area (FWA), the 
proportional area of existing wetland within the construction boundary, also decreased.  Multiple 
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regression analyses showed no significant relationships between wetland type, age, FRAC, or 
percent change in LDI and the percent change in wetland area (FWA).  An analysis of age, 
design area, and designed normal pool depth resulted in a significant relationship to the percent 
change in wetland acreage (P = 0.02, R2 = 0.72); however, Pearson’s correlation coefficient was 
not significant likely due to the small sample size (n = 15) (Appendix J).  The regression formula 
for this relationship was: 
FWA = -2.016 + (0.2227 x Timesurvey) + (0.0763 x Normal Pool Depthdesign) + (0.2983 x 
Areadesign) – (0.00783 x (Timesurvey ^2)) – (0.0867 x (Normal Pool Depthdesign x 
Areadesign) 
Hydrology 
 Of the 65 wetlands sampled, 53 were assessed via the vertical elevation determination 
methodology.  Designed Seasonal High Water (SHW), Normal Pool (NP), Bottom Depth, and 
Water Level were extracted from several of the project files and used as reference points.  In-
field surveys recorded elevations of available structures and biological indicators (adventitious 
rots, lichen lines, moss lines, hummocks) of on-site hydrology.  Mean values for NP (38.13 ± 
6.31), Deep Spot (31.91 ± 3.06), and SHW (33.57 ± 4.00) were determined (Appendix K), and 
differences in design to survey conditions between wetland types were calculated (Appendix L).  
Elevational changes for seasonal high water depth (SHW DepthΔ%), normal pool (NP DepthΔ%), 
and bottom elevation (BottomΔ%) tended to increase with a mean increase in water and bottom 
depth within the surveyed wetlands.  Values for Wetland Depthsurvey and NP DepthΔ% both 
displayed a significant, negative correlations to WRAPdesign scores for all sites (Appendix M).  
Only Normal Pool DepthΔ% displayed a statistical difference between wetland types (χ2 = 5.00, P 
= 0.03).  Wetland depth, which was the calculated difference between the surveyed values for 
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wetland edge and bottom, showed no statistical difference between the two wetland types (χ2= 
0.03; P = 0.87); with a mean depth of 1.96 (±0.25) for forested and 1.73 (±0.21) for non-forested 
systems (Appendix L).    
WRAP Evaluation 
Design WRAP 
 WRAPdesign scores for all sites were significantly correlated to WRAPsurvey, LDIinitial, 
and LDI2011 scores (Table 21).  WRAP scores for the wetland designs averaged 0.54 for all sites 
(±0.01), as well as for forested (0.54 ± 0.02), and non-forested sites (0.54 ± 0.02), indicating that, 
on average, the released wetlands only exhibited 54% of functionality of an intact, natural 
wetland. Results of the two-sample t-test indicated no statistical differences between forested and 
non-forested systems for any of the WRAP input data fields.  Because only one non-forested site 
was designed with canopy species, there was insufficient data to perform a valid analysis 
between wetland types for Wetland Canopy.  Field Hydrology was assumed to be appropriate for 
all sites and thus lacked enough variation to conduct the analysis (Table 22).   
Survey WRAP 
 WRAPsurvey scores for all sites were significantly correlated to WRAPdesign, AreaΔ%, 
LDIinitial, FRAC and LDI2011 scores, with the strongest relationship between WRAPsurvey and 
WRAPdesign (P < 0.001, R2 = 0.76) (Table 21).  Comparison between wetland types showed no 
difference for mean WRAPsurvey scores.  Two-sample t-test of the separate WRAP subcategories 
revealed that only Wetland Canopy was significantly different between the two wetland types 
(T-Value = 2.48, P = 0.04) (Table 23).  A one-way SIMPER analysis was conducted on 
WRAPsurvey scores and the surveyed plant species nMDS groups (Table 24).  Average similarity 
scores for each WRAP group were low (1 = 15.06; 2 = 21.56; 3 = 20.89) with Acer rubrum 
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recorded as the greatest contributing species for Groups 1 and 2.  For WRAPsurvey Group 3, the 
lowest ranked category, invasive Panicum repens (torpedo grass) was the dominant species.     
WRAP Change 
 Surveyed sites’ WRAP scores significantly decreased by an average of 0.09 for all 
sites (Z = -6.16, P < 0.001), 0.10 for forested sites, and 0.08 for non-forested sites (Table 25).  
Except for the Water Quality subcategory (Z = -0.74, P = 0.46), all subcategories significantly 
declined over the course of the study (Habitat Support Buffer Z = -2.48, P < 0.001; Wildlife 
Utilization Z = -2.36, P < 0.001; Wetland Canopy Z = -3.70, P < 0.001; Field Hydrology Z = -
4.01, P < 0.001; Groundcover Z = -6.35, P < 0.001).  WRAPΔ% scores for all sites were 
significantly correlated to WRAPsurvey (P < 0.001, R2 = 0.55) and AreaΔ% scores (P < 0.004, R2 = 
0.35).  Forested wetlands decreased from a mean WRAPdesign score of 0.53 (95% Confidence 
Interval: 0.48, 0.47) to a mean WRAPsurvey score of 0.44 (95% Confidence Interval: 0.39, 0.49), 
while Non-Forested wetlands decreased from a mean WRAPdesign score of 0.54 (95% Confidence 
Interval: 0.50, 0.58) to a mean WRAPsurvey score of 0.45 (95% Confidence Interval: 0.41, 0.50).  
Based upon the categorical WRAP groups, the observed degradation of wetland condition 
resulted in 23 wetlands negatively shifting categories; 13 forested and 10 non-forested (Figure 
15).   
Corrected Functional Wetland Condition 
WRAPcorrected accounts for the intended wetland area and not only provides a more 
accurate assessment of a created wetland but also a better point of comparison when evaluating 
change over time.  Mean WRAPcorrected values for all sites was 0.36 (±0.02), with forested sites 
(0.35 ± 0.03) scoring slightly lower than non-forested (0.36 ± 0.03).  The minimum WRAPcorrected 
values were forested and non-forested wetlands were 0.06 and 0.07, respectively; while the 
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maximums were 0.72 and 0.74.  Mean WRAPcorrected values were significantly lower than the 
initial WRAPsurvey values (Z = -6.73; P < 0.001); with a calculated decrease in mean 
WRAPcorrected scores of 0.09 for all sites (± 0.01), 0.09 for forested (± 0.01), and 0.10 for non-
forested wetlands (± 0.02).   
The change in wetland condition was even more pronounced when compared against the 
original scores for WRAPdesign (Figure 16).  Forested sites experienced a mean decrease of 0.18, 
from 0.53 to 0.35, and non-forested sites decreased by 0.22, from 0.54 to 0.36.  Adjusting the 
WRAP score by the change in functional area did not affect the relationship between WRAP and 
Time (Figure 17).  Forested sites continued to demonstrate a positive, non-significant (P = 0.54, 
R2 = 0.01, r = 0.12) trend, while non-forested sites displayed a non-significant, linear relationship 
(P = 0.16, R2 = 0.03, r = -0.18).  In total, only 4 sites (2 forested and 2 non-forested) had 
WRAPcorrected scores of 0.70 or greater. 
Wetland Condition Model 
 WRAPΔ scores for all sites decreased over time.  Forested sites increased over time 
(R2 = 0.016) and non-forested sites declined (R2 = 0.223).  A best-fit regression of WRAPsurvey 
versus Time for all sites revealed a weak quadratic relationship between the two (P = 0.03, R2 = 
0.11) (Figure 18).  However, when examining the relationship between each wetland type and 
time, (Figure 19), forested system WRAPsurvey scores displayed a linear, non-significant 
relationship to the amount of time that had passed since release (P = 0.37), with only small 
amount of variation (R2 = 0.03) and correlation (r = 0.18) detected by the model.  For non-
forested systems, the relationship between WRAPsurvey and Timesurvey was quadratic and 
statistically significant (P = 0.03), with an increased amount of variation explained by the model 
(R2 = 0.11).  
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 To determine how controllable design variables contribute to WRAPsurvey scores, a 
stepwise approach was used to add and remove recorded factors to the multiple regression mode.  
Before progressing with the models, design factors were evaluated using a Pearson’s Correlation 
matrix to eliminate autocorrelation between variables (Appendix N & Appendix O).  Once 
confounding variables were eliminated, the response optimizer function was used to predict 
maximum WRAPsurvey scores.  The combination of Timesurvey Areadesign, and WRAPdesign 
accounted for 63% of model variation for forested sites (Figure 20).  The final model produced 
by the response optimization regression approach for forested wetlands was: 
WRAPsurvey = 0.301 – (1.737 x WRAPdesign) + (0.0384 x Timesurvey) + (3.436 x 
(WRAPdesign^2)) – (0.0656 x (WRAPdesign x Timesurvey)) 
Optimal design settings for each variable as well as the top five alternate solutions were also 
calculated (Figure 20).  To achieve a maximum predicted WRAPsurvey for a non-forested site, 
Areadesign, SHW Depthdesign, and WRAPdesign were identified as the best combination of 
controllable factors (Appendix P).  The final model produced by the response optimization 
regression approach for forested wetlands was: 
WRAPsurvey = -0.2592 + (0.0512 x Areadesign) + (1.206 x WRAPdesign) + (0.01227 x SHW 
Depthdesign) – (0.0148 x (Areadesign x SHW Depthdesign)) 
As with the forested model, the optimal and the top five alternative solutions were provided as 
well (Figure 21).  
Status of Created Wetlands in Hillsborough County 
 In Hillsborough County, the EPC has permitted 772 freshwater wetland creation 
projects for mitigation for a total of 1,071 hectares (327 ha forested; 744 ha non-forested).  At 
the time of this study, 49 of those sites had yet to be released from their mitigation requirements, 
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resulting in a total of 961 ha of total wetland area (304 ha forested; 657 ha non-forested).  Using 
the regression formula containing Timesurvey and Areadesign for each wetland type, WRAPpredicted 
scores were calculated for all released wetland projects.   Twenty-one (n = 21) projects were 
removed from the database after the model was run due to impossible WRAPpredicted values (0.0 > 
WRAPpredicted > 1.0).  These excluded sites were all from the forested category and were greater 
than 2.0 ha in size, which likely caused the error in the model.  Mean WRAPpredicted values for all 
projects was 0.41 (± 0.00), while values for forested and non-forested sites were 0.43 (± 0.01) 
and 0.40 (± 0.001), respectively.     
Based on the FWA of the surveyed sites, the AreaΔ% of forested and non-forested sites 
was extrapolated to all projects of similar type to calculate a predicted current wetland area 
(Areapredicted) for the entire created freshwater wetland mitigation database.  For the 667 released 
creation projects, total Areapredicted was 278 ha for forested projects (mean = 0.85 ± 0.10) and 511 
ha for non-forested sites (mean = 1.31 ± 0.29).  This amounts to a predicted loss of 69 ha of 
forested wetland and 146 ha of non-forested wetlands when compared to the permitted design 
area.  The calculated total difference between the designed wetland area and the predicted values 
is 215 hectares, or a 22% loss of created wetland area from the time of release.  When compared 
to the total area of impacted wetlands (483 ha), the predicted cumulative area of the released 
wetlands (746 ha) shows a net increase of 263 ha.      
Discussion 
Ecosystem construction to offset damage or destruction of natural wetlands is a global 
occurrence (Tatu and Anderson 2017).  From the 1950’s to 2011, Hillsborough County, Florida 
lost over 82,000 hectares of freshwater wetlands, or 65% of the total freshwater wetland area 
(Chapter 1).  Since 1985, 722 new freshwater wetlands have been constructed to replace these 
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damaged or destroyed ecosystems.  This practice of ecosystem engineering relies on the 
principals and theories of restoration ecology; with the goal of returning lost ecosystem functions 
and services by applying conceptual and practical scientific advances (Perring et al. 2015).  
Wetland mitigation is built on principles of the broader field  of restoration ecology (Mitsch and 
Wilson 2012), and therefore, mitigation wetlands are excellent microcosms for testing and/or 
developing theory broadly applicable to created or restored systems.  Because of the lack of 
long-term studies of individual restored wetlands (Aronson and Galatowitsch 2008, van den 
Bosch and Matthew 2017), chronosequence analyses are often necessary to evaluate temporal 
patterns in ecosystem development.  In spite of their limitations, these studies are useful  for 
evaluating processes that occur over decades or centuries (Walker et al. 2010).   
Zedler and Callaway (1999) argued that establishing valid ecosystem trajectories requires 
understanding the ecosystem establishment period, which for most systems are unknown.  
Wetland mitigation relies on the trajectory concept, with the assumption that a desired, positive 
trajectory is established during the maintenance and monitoring period, along which the site will 
continue post-release.  The size (n = 65) and temporal extent (29 years) of the current 
Hillsborough County database was sufficient to establish a chronosequence to evaluate how 
wetland design and changes to the surrounding landscape affect constructed freshwater wetland 
trajectories in an urban setting. In order to do this several assumptions had to be made to set 
baseline conditions.  Since all studies sites had been release from their mitigation requirements, it 
could be safely assumed that they met all minimal release conditions.  This assumption, 
combined with historical data from the time of release, allowed for previously unassessed 
wetlands to be scored using the WRAP methodology.  It is possible that site-specific conditions, 
including animal utilization and wetland hydrology, could have varied from expectation and the 
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actual baseline condition was different than the WRAPdesign score, however every precaution was 
taken to ensure this did not occur.       
This study sought to answer three primary research questions.  The first being “what is 
the current condition of created freshwater mitigation wetlands in Hillsborough County, 
Florida?”  From the surveyed wetland area data, we determined created systems have 
experienced a cumulative loss of approximately 18% in wetland area since release from 
mitigation monitoring.  Other mitigation studies have observed losses ranging from 10 – 83% of 
the designed area (Turner et al. 2001, Robb 2002, Kihslinger 2008, Moreno-Mateos et al. 2012), 
although the methodology for calculating loss varied amongst studies.  Due to the complexity of 
some mitigation permits (multiple impacts offset with multiple created sites), this study was 
unable to compare site-specific impact to survey area; however, several studies on mitigation 
effectiveness from the United States have examined this relationship and reported a wide range 
of results from an overall increase in wetland area (Ambrose 2000, Cole and Shafer 2002) to a 
loss of over 50% (Robb 2002).  Conversion of freshwater wetlands to deepwater zones, or areas 
of open water where wetland soil does not form (Cowardin et al. 1979), is a common cause of 
wetland loss (Dahl and Stedman 2013), and this study found that emergent wetlands were 
frequently replaced by deepwater zones, especially for wetlands connected to stormwater 
systems.  Although not part of the original mitigation design and therefor considered a loss of 
wetland area, deepwater zones may have well developed submersed aquatic macrophytes and 
contribute to increased system functionality though habitat diversity (Cowardin et al. 1979).  
Despite the observed decreased in designed wetland area, mitigation ratios (area of mitigation to 
area of impact) of 2:1 or greater exceeded the 18% loss of designed area.  Compared to the total 
area of impact for the 722 freshwater mitigation projects, this study predicted the cumulative 
 83 
 
created area for all released constructed freshwater wetlands in Hillsborough County would 
result in a net gain of 263 hectares.  
Because wetland mitigation is conducted on a “type for type” or “in-kind” basis, this 
study seized the opportunity to study differences between created forested and non-forested 
wetlands with the second research question, “do forested and non-forested wetlands maintain 
similar trajectories after release?”  From the time of release, non-forested systems displayed a 
significantly greater cumulative loss between designed and surveyed wetland area compared to 
forested systems; however, on a per project basis, the percent change in area was nearly 
identical.  These results are likely due to larger mean mitigation area per project (forested = 0.64 
ha; non-forested = 1.34 ha) and sample size for non-forested wetlands (forested = 28; non-
forested = 37).  Forested sites appear to maintain their boundary at the wetland/upland interface 
better than non-forested sites, as evidence of mowing within non-forested wetland ecotones was 
frequently observed in residential or commercial settings.  While few mitigation studies include 
the relationship between area loss and wetland type, a study by Robb (2002) on wetlands 
mitigation in Indiana found that forested wetlands decreased by a significantly higher percentage 
than shallow marshes (71 and 17% loss, respectively); the opposite trend observed in this study.  
These differences support the findings of Moreno-Mateos et al. (2012) ecosystem trajectories 
vary by region, and additional empirical studies are needed to understand the factors driving 
restoration success.  Despite the loss of intended wetland area, the goals of “no net loss” can still 
be met if mitigation ratios are large enough. The current study found that, although intended 
project-specific wetland area is not being met at most sites, large mitigation ratios have ensured 
that the structural component of no-net-loss has been met. 
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 The ANOSIM design analyses indicated that freshwater wetlands from this study 
were significantly different from one another, just not along the division of forested versus non-
forested wetland types.  Biodiversity indices (Tables 9 - 13) were similar between forested and 
non-forested constructed wetlands, with many of the same groundcover species planted at both.  
Evaluation of the designed plant composition of these sites revealed that the only significant 
difference was species richness of the canopy.  The non-metric multidimensional scaling 
(nMDS) analyses of species composition failed to distinguish between forested and non-forested 
sites by the species composition; in fact, only two of the fourteen groups identified consisted of 
more than one wetland that were the same wetland type.  Sagittaria lancifolia (bulltongue 
arrowhead) and Juncus effusus (soft rush) were the most common discriminating species from 
the SIMPER analysis and were each present in four of the fourteen groups, representing 49 of the 
65 study sites.  Designed wetland elevations lacked variation between wetland types as well, as 
no significant difference was detected for bottom elevation, normal pool depth, or season high 
water depth.  This lack of variation between forested and non-forested wetland types may be 
failing to provide specific hydrologic niches and needs of the intended community.     
Over time, both wetland types displayed increased groundcover richness, but decreased 
in evenness as several species began to dominate.  Leaf litter/debris (L/D) and Acer rubrum (red 
maple) were the two most common discriminating species from the surveyed sites; present in six 
(L/D) and four (Acer rubrum) of the nine groups from the nMDS/SIMPER analysis on biotic and 
abotic survey data.  From the vegetation SIMPER analysis, Salvinia minima (water spangles), 
Panicum repens (torpedo grass), and Ludwigia peruviana (primrose willow), Category I invasive 
species according to the Florida Exotic Pest Plant Control Council (FLEPPC 2015), were 
identified as dominant species in three of the five survey groups.  Invasive species establishment 
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is facilitated by disturbances such as nutrient-rich stormwater runoff  (Lake and Leishman 2004), 
increased light availability (Maurer and Zedler 2002), decreased biodiversity (Hansson et al. 
2005), and altered hydrology (Levine et al. 2003); all of which are common in urbanized 
landscapes.  The SIMPER analysis did not identify any native species as dominant contributors 
that were not originally present as a planted design species.  It is possible that native species are 
having difficulty recruiting to these urban wetland, or it could be indicative of the establishment 
ability of the planted species.  The mixture of forested and non-forested sites in three of the five 
groups suggests that planted and recruiting species are able to colonize both wetlands types with 
similar success, either due structural similarities of the wetlands or the environmental tolerance 
of the individual species (Connell and Slatyer 1977, Ewing 1996, Casanova and Brock 2000).  
These findings are similar to those of Moreno-Mateos et al.  (2015) who observed minimal effect 
of planting approach on ecosystem trajectory within the first 20-30 years.  In forested wetlands, 
decreased groundcover has been attributed to increases in hydroperiod and canopy cover 
(Thurman 2016).  This may explain why two of the forested sites lacked any groundcover 
species; however, light penetration data were not recorded during the surveys.  Intraspecific 
relationships (Gómez-Aparicio 2009), competition (Bjerknes et al. 2007), and habitat availability 
(Guisan and Zimmermann 2000, Evangelista et al. 2008) within the wetland as well as the 
position of the project within the landscape and the condition of surrounding habitats (Bell et al. 
1997) all influence the recruitment of desirable and/or invasive species.  Similar to the results of 
the hydrology and biodiversity analyses, the LDI analyses showed no significant differences 
between forested and non-forested sites; implying a similar disturbance regime (McDonnell and 
Pickett 1990, McDonnell et al. 1997) across all sites.  
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 Understanding the design and survey condition of the created freshwater wetlands 
was key to addressing the third research question, “how do design and changes in the landscape 
influence created wetland condition over time?”  The post hoc use of standardized assessment 
methodologies (WRAP) to determine initial wetland condition proved to be a useful approach for 
setting a reference conditions for the analyses.  The importance of design became very apparent 
from the optimization models.  WRAPdesign was had the greatest impact on both wetland types, 
with Timesurvey and SHW Depthdesign also influencing outcomes for forested and non-forested 
wetlands, respectively.  While neither wetland type displayed significant correlations between 
WRAPcorrected and Timesurvey, the direction of their trajectories was interesting.  Young forested 
wetlands displayed the lowest conditional survey scores but due to a weak, positive trajectory, 
appear to improve over time.  Non-forested systems, on the other hand, displayed high WRAP 
scores early on and then degraded over time.  While seasonal high water depth and most of the 
WRAP categories (Wetland Canopy, Field Hydrology, and Wetland Groundcover) can be 
controlled through the wetland design process, wetland age (Timesurvey) and location (Habitat 
Support/Buffer and Water Quality Input and Treatment) are seldom able to be manipulated in 
permittee-responsible mitigation.  As observed by van den Bosch and Matthew (2017), created 
mitigation wetlands placed in close proximity to exiting wetlands or placed in natural landscapes 
have a higher probability of long-term success., unfortunately these ideal surroundings may not 
be present on-site.  Recent studies have suggested creating ecological “safe-zones” around 
constructed systems (Green et al. 2017) which minimize disturbance or configuring entire urban 
landscapes to maximize biodiversity and ecological functions (Colding 2006), but these 
approaches may not be possible in previously-developed landscapes.  While modelling the 
predictor variables for WRAPsurvey provided insight to the drivers of wetland condition, however 
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it important to remember that most of the identified parameters are not truly independent of each 
other.  As discussed by Somerfield and Clarke (2013), species and environmental factors 
influence one another and a certain degree of covariation is certain to exist in these ecosystems.  
Taking covariation into consideration, optimizing the controllable design variables could help 
improve long-term freshwater wetland condition.  Because mitigation is conducted on a type for 
type basis, understanding differences between wetland types is critical to achieving success.  In 
coastal watersheds undergoing intense urbanization, preservation and restoration of wetland 
functions and services are paramount for the well-being of the landscape (Savard et al. 2000, Lee 
et al. 2006). 
   In summary, this research determined WRAPdesign had the greatest influence on 
surveyed wetland scores; which is disconcerting considering that location categories cannot be 
controlled long-term via on-site mitigation.  Predicting how a landscape is likely to change in the 
future may aid in selecting restoration or mitigation sites with higher probabilities of success.  
Species composition of created wetlands varied significantly between wetlands, just not between 
the intended wetland types.  This study also determined that regardless of type, constructed 
freshwater wetlands typically fail to meet their intended design condition; although forested 
systems eventually appear to establish a positive trajectory.  Despite differences between wetland 
types, the goal of this study was not to indicate a preference for one wetland type over another.  
Instead, it is recommended that management and maintenance strategies be revised to support 
wetland establishment, thus maintaining important community heterogeneity within the 
landscape (Roe and Georges 2007).  Just as Choi (2004) emphasized the importance of both 
setting realistic restoration goals based upon community and landscape ecology and the need for 
long-term monitoring, implementing adaptive management based on  periodic monitoring and 
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intervention that extends beyond the release date could help combat invasive species, address 
issues with hydrology, or supplement plantings to increase wetland condition.  Improving 
wetland design, recognizing the role of the supporting landscape, and extending maintenance and 
monitoring to combat invasive species may enable constructed wetlands eventually to replace the 
natural systems that are lost.      
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Table 7 Wetland Site General Descriptive Information 
Variable Unit Example 
Wetland Type Forested/Non-Forested Forested 
Wetland Structure Dominant Plant Species and Estimated Percent 
Coverage 
Cypress (Taxodium spp.) 
100% 
Adjacent Wetland 
Condition 
Descriptive Unimpacted cypress dome 
Observed 
Disturbances 
Descriptive Stormwater pipe in NE 
corner of wetland 
Water Levels Descriptive Relative to Normal Pool (NP) and 
Seasonal High Water (SHW) 
Below NP indicators (saw 
palmetto) 
Wildlife 
Utilization 
Species and Activity/Evidence  White egret (Ardea alba) 
feeding 
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Table 8 Annual LDI Scores for Surveyed Sites 
Variable           N   Mean SE Mean   StDev Minimum  Median Maximum 
1990 20 4.492 0.469 2.098 1 4.534 8.166 
1995 32 4.802 0.377 2.132 1.589 4.792 8.313 
1999 51 4.532 0.279 1.99 1.756 4.074 8.313 
2004 55 5.003 0.241 1.791 1.02 4.692 8.313 
2005 59 4.99 0.236 1.81 1.007 4.692 8.313 
2006 62 5.055 0.228 1.793 1.007 4.772 8.313 
2007 64 5.099 0.225 1.801 1.046 5.066 8.313 
2008 65 5.099 0.223 1.796 1.046 5.102 8.313 
2009 65 5.15 0.225 1.815 1.046 5.07 8.313 
2010 65 5.158 0.226 1.823 1.046 5.061 8.313 
2011 65 5.141 0.228 1.837 1.046 5.061 8.313 
LDI∆       65 0.869 0.162 1.31 -1.453 0.52 4.719 
LDI∆% 65 0.3337 0.0775 0.6251 -0.4218 0.1692 2.9689 
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Table 9 Designed Groundcover Richness, Shannon Index, Evenness, and Simpson’s Diversity Index per Wetland Type 
Variable Wetland Type N Mean SE Mean StDev Minimum Median Maximum T-Value/ Chi-Square* P-Value DF 
S All Sites 65 5.95 0.35 2.85 0.00 6.00 15.00    
               Forested      28 5.93 0.62 3.28 0.00 6.00 12.00 -0.06 0.95 49 
 Non-Forested 37 5.97 0.42 2.53 3.00 6.00 15.00    
H     All Sites 63 1.54 0.05 0.43 0.36 1.59 2.71    
               Forested      26 1.56 0.09 0.46 0.36 1.62 2.40 0.38* 0.54 1 
 Non-Forested 37 1.53 0.07 0.41 0.76 1.55 2.71    
H' All Sites 63 0.89 0.01 0.10 0.52 0.92 1.00    
               Forested      26 0.89 0.02 0.10 0.52 0.91 1.00 -0.24 0.81 51 
 Non-Forested 37 0.90 0.02 0.10 0.67 0.94 1.00    
Ds All Sites 63 0.74 0.02 0.13 0.20 0.77 0.93    
 Forested      26 0.74 0.03 0.14 0.20 0.77 0.91 -0.07 0.95 51 
               Non-Forested 37 0.74 0.02 0.11 0.43 0.77 0.93    
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Table 10 Surveyed Groundcover Richness, Shannon Index, Evenness, and Simpson’s Diversity Index per Wetland Type 
Variable  Wetland Type  N  Mean  SE Mean StDev Minimum Median  Maximum T-Value/ Chi-Square* P-Value DF 
S All Sites 65 8.60 0.55 4.45 0.00 8.00 20.00    
        Forested     28 8.36 0.84 4.46 0.00 7.00 20.00 -0.38 0.71 58 
 Non-Forested 37 8.74 0.74 4.50 0.00 8.00 19.00    
H       All Sites 61 1.48 0.06 0.53 0.25 1.42 2.68    
        Forested     26 1.47 0.09 0.44 0.67 1.40 2.36 0.86* 0.36 1 
 Non-Forested 35 1.49 0.08 0.49 0.25 1.47 2.68    
H' All Sites 61 0.69 0.02 0.15 0.18 0.71 0.95    
        Forested     26 0.69 0.03 0.15 0.35 0.73 0.95 0.23 0.82 58 
 Non-Forested 35 0.68 0.03 0.15 0.18 0.71 0.91    
Ds All Sites 61 0.68 0.02 0.16 0.10 0.72 0.97    
 Forested     26 0.68 0.03 0.15 0.31 0.71 0.90 -0.17 0.87 58 
        Non-Forested 35 0.68 0.03 0.18 0.10 0.73 0.97 
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Table 11 Changes in Groundcover Richness, Shannon Index, Evenness, and Simpson’s Diversity Index per Wetland Type 
Variable       Wetland Type   N    Mean SE Mean   StDev  Minimum   Median Maximum T-Value/ Chi-Square* P-Value DF 
S∆ All Sites 65 2.65 0.62 4.97 -10.00 2.00 16.00    
  Forested     28 2.43 0.86 4.56 -5.00 1.50 13.00 0.07* 0.80 1 
 Non-Forested 37 2.81 0.87 5.31 -10.00 2.00 16.00    
H∆       All Sites 65 -0.11 0.09 0.69 -2.08 -0.05 1.58    
  Forested     28 -0.08 0.11 0.58 -1.35 0.01 1.24 0.62* 0.43 1 
 Non-Forested 37 -0.13 0.13 0.78 -2.08 -0.14 1.58    
H'∆  All Sites 62 -0.20 0.03 0.22 -0.89 -0.18 0.52    
  Forested     26 -0.16 0.04 0.21 -0.46 -0.17 0.52 0.07* 0.79 1 
 Non-Forested 36 -0.23 0.04 0.23 -0.89 -0.19 0.19    
Ds ∆     All Sites 62 -0.06 0.03 0.24 -0.77 -0.05 0.57    
 Forested     26 -0.05 0.04 0.22 -0.46 -0.04 0.57 0.48 0.63 51 
               Non-Forested 36 -0.08 0.04 0.26 -0.77 -0.07 0.40    
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Table 12 Designed Canopy Richness, Shannon Index, Evenness, and Simpson’s Diversity Index per Wetland Type 
Variable        Wetland Type  N   Mean  SE Mean   StDev Minimum Median Maximum T-Value/ Chi-Square* P-Value DF 
S All Sites 65 3.11 0.37 3.02 0.00 3.00 12.00    
  Forested     28 4.93 0.57 3.02 0.00 4.00 12.00 4.74 0.00 47 
 Non-Forested 37 1.73 0.36 2.19 0.00 1.00 8.00    
H All Sites 40 1.30 0.07 0.42 0.66 1.36 2.30    
  Forested     25 1.41 0.08 0.40 0.66 1.39 2.30 2.67* 0.10 1 
 Non-Forested 15 1.13 0.10 0.40 0.67 1.10 2.08    
H' All Sites 40 0.90 0.02 0.11 0.65 0.95 1.00    
  Forested     25 0.89 0.02 0.12 0.65 0.94 1.00 -1.03 0.31 32 
 Non-Forested 15 0.92 0.03 0.10 0.65 0.97 1.00    
Ds All Sites 40 0.68 0.02 0.12 0.47 0.70 0.90    
 Forested     25 0.70 0.02 0.12 0.47 0.72 0.90 1.44 0.16 30 
  Non-Forested 15 0.65 0.03 0.12 0.48 0.67 0.88      
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Table 13 Surveyed Canopy Richness, Shannon Index, Evenness, and Simpson’s Diversity Index per Wetland Type 
Variable  Wetland Type  N  Mean  SE Mean StDev Minimum Median  Maximum T-Value/ Chi-square* P-Value DF 
S All Sites 65 4.31 0.43 3.46 0.00 5.00 11.00    
        Forested     28 6.29 0.44 2.34 2.00 6.00 10.00 4.85 0.00 62 
 Non-Forested 37 2.81 0.56 3.43 0.00 1.00 11.00    
H       All Sites 45 1.24 0.08 0.51 0.27 1.35 2.02    
        Forested     28 1.26 0.10 0.52 0.27 1.37 2.02 0.27 0.79 33 
 Non-Forested 17 1.21 0.13 0.52 0.32 1.34 1.93    
H' All Sites 45 0.72 0.03 0.19 0.19 0.78 0.95    
        Forested     28 0.70 0.04 0.21 0.19 0.76 0.95 -0.89 0.38 41 
 Non-Forested 17 0.75 0.04 0.16 0.29 0.80 0.94    
Ds All Sites 45 0.61 0.03 0.22 0.11 0.64 0.89    
 Forested     28 0.60 0.05 0.24 0.11 0.66 0.89 -0.45 0.66 39 
        Non-Forested 17 0.63 0.05 0.19 0.15 0.64 0.85    
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Table 14 Changes in Canopy Richness, Shannon Index, Evenness, and Simpson’s Diversity Index per Wetland Type 
Variable Wetland Type N Mean SE Mean StDev Minimum Median Maximum T-Value/ Chi-Square* P-Value DF 
S∆ All Sites 65 1.20 0.38 3.09 -5.00 1.00 8.00    
 Forested 28 1.36 0.63 3.23 -5.00 1.00 7.00 0.35 0.73 54 
 Non-Forested 37 1.08 0.48 2.94 -4.00 0.00 8.00    
H∆ All Sites 33 0.02 0.09 0.53 -0.75 -0.11 1.20    
 Forested 25 -0.11 0.11 0.54 -1.20 0.04 0.66 2.97* 0.09 1 
 Non-Forested 8 0.26 0.14 0.40 -0.39 0.29 0.75    
H'∆ All Sites 33 0.16 0.03 0.19 -0.13 0.11 0.70    
 Forested 25 0.17 0.04 0.20 -0.13 0.09 0.70 0.58 0.57 16 
 Non-Forested 8 0.13 0.05 0.14 -0.05 0.12 0.35    
Ds∆ All Sites 33 0.05 0.04 0.20 -0.24 -0.02 0.54    
 Forested 25 0.07 0.04 0.22 -0.24 -0.01 -0.01 0.51* 0.48 1 
 Non-Forested 8 -0.03 0.04 0.10 -0.17 -0.05 -0.05    
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Table 15 SIMPER Results for Design Wetland Species. Average abundance (Av.Abund), average similarity (Av.Sim), 
similarity/standard deviation (Sim/SD), contributing percentage (Contrib%), and cumulative percentage for planted species  
Group G      
Less than 2 samples in group      
Group M      
Average similarity: 57.63      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Pontederia cordata 3.23 18.91 3.65 32.81 32.81 
Sagittaria lancifolia 2.65 13.97 1.69 24.24 57.05 
Juncus effusus 2.58 13.12 1.63 22.76 79.81 
Group E      
Less than 2 samples in group      
Group L      
Average similarity: 52.20      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Panicum hemitomon 3.15 15.08 5.01 28.89 28.89 
Pontederia cordata 2.94 13.55 3.04 25.96 54.85 
Juncus effusus 2.44 9.01 1.4 17.26 72.11 
Group N      
Average similarity: 44.28      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Sagittaria lancifolia 2.66 10.25 2.56 23.14 23.14 
Schoenoplectus validus 2.64 9.35 2.97 21.12 44.25 
Pontederia cordata 2.36 9.03 3.17 20.39 64.64 
Cladium jamaicense 2.2 4.78 0.77 10.8 75.45 
Group A      
Average similarity: 21.97      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Acer rubrum 1.66 6.55 1.93 29.83 29.83 
Magnolia virginiana 1.36 4.05 1.09 18.42 48.25 
Persea palustris 1.26 2.9 0.62 13.21 61.47 
Ilex cassine 1 2.15 0.58 9.78 71.25 
Group C      
Less than 2 samples in group      
Group K      
Average similarity: 63.22      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Juncus effusus 3.36 22.31 6 35.29 35.29 
Spartina bakeri 3.23 22.2 6.46 35.12 70.41 
Group D      
Less than 2 samples in group      
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Group J      
Average similarity: 39.33      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Spartina bakeri 3.28 21.55 SD=0! 54.8 54.8 
Sagittaria lancifolia 3.35 17.78 SD=0! 45.2 100 
Group H      
Less than 2 samples in group      
Group F      
Less than 2 samples in group      
Group B      
Less than 2 samples in group      
Group I      
Average similarity: 49.51      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Liquidambar styraciflua 2.43 8.04 SD=0! 16.24 16.24 
Juncus effusus 2.3 8.04 SD=0! 16.24 32.48 
Sagittaria lancifolia 2.43 8.04 SD=0! 16.24 48.72 
Acer rubrum 1.61 5.87 SD=0! 11.86 60.59 
Taxodium distichum 1.78 5.87 SD=0! 11.86 72.45 
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Table 16 SIMPER Results for All Surveyed Data. Average abundance (Av.Abund), average similarity (Av.Sim), 
similarity/standard deviation (Sim/SD), contributing percentage (Contrib%), and cumulative percentage for surveyed biotic and 
abiotic data 
Group H      
Average similarity: 49.36    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
L/D 2.68 13.81 3.92 27.98 27.98 
WTR 2.94 13.79 1.61 27.94 55.92 
Acer rubrum 1.68 4.62 0.79 9.36 65.28 
Pontederia cordata 1.44 4.14 0.82 8.38 73.66 
Group C      
Average similarity: 44.72    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
WTR 3.31 21.4 3.04 47.85 47.85 
Panicum repens 2.64 13 1.27 29.08 76.92 
Group E      
Average similarity: 49.93    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Salvinia minima 3.61 20.35 5.67 40.76 40.76 
L/D 1.64 6 1.22 12.01 52.77 
Cephalanthus occidentalis 1.74 5 0.77 10.01 62.78 
Myrica cerifera 1.2 4.39 1.49 8.79 71.57 
Group A      
Average similarity: 19.59    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Acer rubrum 1.67 9.79 SD=0! 50 50 
Myrica cerifera 2.55 9.79 SD=0! 50 100 
Group G      
Average similarity: 57.26    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
L/D 2.98 15.99 4.52 27.92 27.92 
Woodwardia spp. 2.73 11.86 1.21 20.71 48.63 
Acer rubrum 2.31 8.65 1.19 15.11 63.74 
Ludwigia peruviana 2.03 7.58 1.01 13.23 76.97 
Group B      
Average similarity: 32.64    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Thalia geniculata 3.1 28.62 16.29 87.69 87.69 
Group D      
Average similarity: 40.56    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
L/D 2.98 17.81 3.83 43.92 43.92 
Pontederia cordata 2.19 8.12 0.86 20.01 63.92 
Ludwigia peruviana 1.53 4.72 0.6 11.65 75.57 
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Group F      
Average similarity: 72.51    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
L/D 3.91 30.73 7.42 42.38 42.38 
Quercus laurifolia 2.3 16.04 5.22 22.13 64.51 
Acer rubrum 2.3 13.89 3.41 19.15 83.66 
Group I      
Average similarity: 42.48    
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
L/D 3.24 18.73 8.52 44.09 44.09 
Sagittaria lancifolia 2.46 10.11 0.99 23.79 67.88 
BG 1.61 3.73 0.58 8.77 76.65 
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Table 17 SIMPER Results for All Surveyed Vegetation. Average abundance (Av.Abund), average similarity (Av.Sim), 
similarity/standard deviation (Sim/SD), contributing percentage (Contrib%), and cumulative percentage for surveyed vegetation 
species 
Group A      
Average similarity: 37.37      
Species Av.Abund Av.Sim Sim/SD Contrib%  Cum.% 
Thalia geniculata 7.18 37.37 5.98 100 100 
Group B      
Average similarity: 28.29      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Ludwigia peruviana 5.34 22.06 1.28 77.99 77.99 
Group C      
Average similarity: 36.81      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Acer rubrum 3.84 10.99 1.15 29.85 29.85 
Myrica cerifera 2.95 7.71 0.93 20.95 50.8 
Taxodium spp. 2.63 6.11 0.76 16.59 67.39 
Quercus laurifolia 2.23 5.53 0.86 15.03 82.43 
Group D      
Average similarity: 33.06      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Panicum repens 4.85 16.07 0.97 48.6 48.6 
Pontederia cordata 3.32 7.57 0.62 22.9 71.5 
Group E      
Average similarity: 31.51      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Salvinia minima 4.07 10.9 0.74 34.58 34.58 
Sagittaria lancifolia 3.87 7.74 0.48 24.55 59.14 
Panicum hemitomon 2.07 3.92 0.48 12.45 71.59 
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Table 18 One-Way SIMPER Analysis of Surveyed Vegetation by Age Category. Groups A = 5-10 years since release; Group B = 
10-15 years; Group C = 15-20; Group D = 20+ years 
Group A      
Average similarity: 19.39      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Acer rubrum 2.66 4.95 0.5 25.52 25.52 
Myrica cerifera 2.87 4.94 0.36 25.46 50.98 
Pontederia cordata 2.12 2.76 0.37 14.23 65.21 
Quercus laurifolia 1.42 1.91 0.37 9.86 75.07 
Group B      
Average similarity: 23.97      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Ludwigia repens 2.27 6.27 0.96 26.18 26.18 
Pontederia cordata 2.28 3.74 0.49 15.6 41.78 
Panicum hemitomon 2.02 3 0.42 12.52 54.3 
Myrica cerifera 1.49 2.26 0.47 9.44 63.74 
Taxodium spp. 1.46 1.9 0.5 7.92 71.66 
Group C      
Average similarity: 25.66      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Acer rubrum 3.36 8.21 0.86 32 32 
Taxodium spp. 1.9 3.41 0.58 13.28 45.29 
Myrica cerifera 1.71 3.08 0.64 12.01 57.29 
Salvinia minima 1.84 2.06 0.31 8.04 65.33 
Quercus laurifolia 1.58 2.02 0.4 7.87 73.2 
Group D      
Average similarity: 21.07      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Ludwigia peruviana 3 6.34 0.5 30.1 30.1 
Myrica cerifera 1.22 2.7 0.72 12.83 42.93 
Panicum repens 1.9 2.26 0.28 10.71 53.65 
Taxodium spp. 1.67 2.05 0.38 9.71 63.36 
Acer rubrum 1.51 1.52 0.31 7.2 70.56 
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Table 19 Changes in Mean Designed and Surveyed Area (ha) per wetland site 
Wetland Type N Areadesign Areasurvey AreaΔ AreaΔ% 
All Sites 65 0.47 0.38 -0.08 -22.45% 
Forested 28 0.43 0.37 -0.06 -22.70% 
Non-Forested 37 0.50 0.39 -0.10 -22.20% 
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Table 20 Pearson's Correlation Matrix for Percent Change in Wetland Area.  R2 values are listed on top and P-values are listed 
on bottom.  Shaded cells indicate significant correlations  
                   AreaΔ% Timerelease Timesurvey Areadesign Areasurvey LDIinitial LDI2011 
LDI 
Δ% 
Timerelease -0.185        
                   0.141        
Timesurvey -0.069 -0.175       
                   0.582 0.163       
Areadesign 0.199 -0.087 0.193      
                   0.113 0.491 0.124      
Areasurvey 0.349 -0.121 0.14 0.962     
                   0.004 0.336 0.264 0.000     
LDIinitial -0.071 0.008 0.126 0.048 0.044    
                   0.572 0.952 0.317 0.705 0.73    
LDI2011 -0.155 -0.081 0.161 0.12 0.066 0.771   
                   0.218 0.522 0.199 0.341 0.603 0.000   
LDI Δ% -0.081 -0.124 0.05 0.019 0.014 -0.473 0.082  
                   0.519 0.325 0.695 0.88 0.915 0.000 0.516  
FRAC               -0.199 -0.085 -0.11 -0.431 -0.356 0.243 0.128 -0.045 
                   0.112 0.502 0.382 0.000 0.004 0.051 0.309 0.722 
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Table 21 Pearson’s Correlation Matrix for WRAP Scores of All Sites.  R2 values are listed on top and P-values are listed on bottom.  Shaded cells indicate significant correlations 
                  WRAPdesign WRAPsurvey    WRAPΔ%    Timerelease  Timesurvey Areadesign Areasurvey AreaΔ%    LDIinitial LDI2011    
WRAPsurvey    0.758          
                 0.000          
WRAPΔ%    -0.096 0.548         
                 0.445 0.000         
Timerelease  -0.084 -0.067 0.009        
                 0.503 0.595 0.941        
Timesurvey -0.077 -0.177 -0.230 -0.175       
                 0.540 0.157 0.065 0.163       
Areadesign 0.112 0.133 0.014 -0.087 0.193      
                 0.374 0.290 0.913 0.491 0.124      
Areasurvey 0.138 0.196 0.077 -0.121 0.140 0.962     
                 0.273 0.118 0.541 0.336 0.264 0.000     
AreaΔ%    0.029 0.283 0.351 -0.185 -0.069 0.199 0.349    
                 0.820 0.022 0.004 0.141 0.582 0.113 0.004    
LDIinitial -0.574 -0.572 -0.156 0.008 0.126 0.048 0.044 -0.071   
                 0.000 0.000 0.215 0.952 0.317 0.705 0.730 0.572   
LDI2011    -0.575 -0.621 -0.231 -0.081 0.161 0.120 0.066 -0.155 0.771  
                 0.000 0.000 0.065 0.522 0.199 0.341 0.603 0.218 0.000  
LDIΔ%  0.225 0.144 -0.038 -0.124 0.050 0.019 0.014 -0.081 -0.473 0.082 
                 0.072 0.251 0.761 0.325 0.695 0.880 0.915 0.519 0.000 0.516 
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Table 22 Design WRAP Scores 
Variable                 Wetland Type N   Mean SE Mean   StDev Minimum Median Maximum T-Value/ Chi-Square* P-Value DF 
Habitat Support/Buffer All Sites 64 1.08 0.09 0.70 0.00 1.14 3.00 
 
   
Forested     27 0.97 0.13 0.70 0.00 1.00 2.80 -1.02 0.31 56 
Non-Forested 37 1.15 0.12 0.70 0.00 1.20 3.00    
Wildlife Utilization All Sites 65 1.15 0.05 0.38 0.00 1.00 2.00    
Forested     28 1.09 0.04 0.24 1.00 1.00 2.00 -1.31 0.19 57 
Non-Forested 37 1.20 0.07 0.45 0.00 1.00 2.00    
Wetland Canopy All Sites 26 2.06 0.03 0.16 2.00 2.00 2.50    
                         Forested     25 2.06 0.03 0.17 2.00 2.00 2.50 NA NA NA 
  Non-Forested 1 2.00  NA NA 2.00 2.00 2.00    
Field Hydrology All Sites 58 2.00 0.00 0.00 2.00 2.00 2.00    
                         Forested     27 2.00 0.00 0.00 2.00 2.00 2.00 NA NA NA 
  Non-Forested 31 2.00 0.00 0.00 2.00 2.00 2.00    
Wetland Groundcover All Sites 59 2.23 0.04 0.30 1.50 2.50 2.50    
Forested     22 2.20 0.06 0.30 1.50 2.00 2.50 -0.48 0.63 45 
Non-Forested 37 2.24 0.05 0.30 1.50 2.50 2.50    
Water Quality Input and Treatment All Sites 65 1.62 0.09 0.74 0.25 1.75 3.00    
Forested     28 1.62 0.14 0.74 0.25 1.75 2.93 0.08 0.94 58 
Non-Forested 37 1.61 0.12 0.76 0.25 1.75 3.00    
WRAP Score All Sites 65 0.54 0.01 0.10 0.31 0.53 0.79    
  Forested     28 0.54 0.02 0.09 0.34 0.53 0.79 -0.06 0.95 58 
                         Non-Forested 37 0.54 0.02 0.11 0.31 0.55 0.78    
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Table 23 Survey WRAP Scores 
Variable                   Wetland Type       N    Mean SE Mean  StDev Minimum  Median  Maximum T-Value/ Chi-Square* P-Value DF 
Habitat Support/Buffer All Sites 65 0.96 0.09 0.72 0.00 1.00 2.80    
Forested     28 0.82 0.14 0.73 0.00 0.68 2.80 -1.38 0.17 57 
Non-Forested 37 1.07 0.12 0.70 0.00 1.13 2.50    
Wildlife Utilization 
                         
  
All Sites 65 1.04 0.06 0.47 0.00 1.00 2.00    
Forested     28 0.96 0.09 0.45 0.00 1.00 2.00 -1.12 0.27 60 
Non-Forested 37 1.09 0.08 0.48 0.00 1.00 2.00    
Wetland Canopy All Sites 33 1.45 0.09 0.52 0.50 1.50 2.50    
                         Forested     27 1.54 0.10 0.52 0.50 1.50 2.50 2.48 0.04 9 
  Non-Forested 6 1.08 0.15 0.38 0.50 1.00 1.50    
Field Hydrology All Sites 65 1.69 0.06 0.49 0.50 2.00 2.50    
                         Forested     28 1.66 0.11 0.56 0.50 2.00 2.50 -0.43 0.67 49 
  Non-Forested 37 1.72 0.07 0.43 0.50 2.00 2.00    
Wetland Groundcover All Sites 60 1.31 0.07 0.51 0.50 1.50 2.50    
Forested     23 1.22 0.11 0.52 0.50 1.00 2.00 -1.08 0.29 46 
Non-Forested 37 1.36 0.08 0.51 0.50 1.50 2.50    
Water Quality Input and Treatment All Sites 65 1.59 0.09 0.75 0.25 1.75 3.00    
Forested     28 1.58 0.14 0.74 0.25 1.75 2.93 -0.1 0.92 58 
Non-Forested 37 1.60 0.13 0.76 0.25 1.67 3.00    
WRAP Score All Sites 65 0.45 0.02 0.14 0.18 0.44 0.74    
Forested     28 0.44 0.03 0.14 0.19 0.42 0.73 -0.58 0.57 58 
Non-Forested 37 0.45 0.02 0.14 0.18 0.44 0.74      
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Table 24 One-way SIMPER Analysis of WRAPsurvey from Surveyed Vegetation Data.  Category 1 = 0.7 to 1.0, Category 2 = 0.4 to 
0.07, and Category 3 = 0.0-4.0   
Group 1      
Average similarity: 15.06      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Acer rubrum 3.48 6.89 0.58 45.74 45.74 
Pontederia cordata 1.82 3.43 0.58 22.81 68.54 
Myrica cerifera 1.43 2.43 0.58 16.17 84.71 
Group 2      
Average similarity: 21.56      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Acer rubrum 2.2 3.67 0.51 17.03 17.03 
Myrica cerifera 1.66 2.79 0.56 12.96 29.99 
Ludwigia repens 1.39 2.18 0.46 10.09 40.09 
Pontederia cordata 1.69 2.09 0.34 9.69 49.78 
Taxodium spp. 1.34 1.8 0.43 8.33 58.1 
Quercus laurifolia 1.1 1.73 0.47 8.02 66.12 
Panicum hemitomon 1.51 1.69 0.28 7.83 73.95 
Group 3      
Average similarity: 20.89      
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
Panicum repens 2.58 4.62 0.43 22.11 22.11 
Taxodium spp. 2 3.6 0.48 17.24 39.34 
Acer rubrum 1.88 2.92 0.43 13.97 53.31 
Myrica cerifera 1.87 2.89 0.42 13.84 67.15 
Ludwigia peruviana 1.67 1.86 0.27 8.88 76.03 
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Table 25 Changes in WRAP Scores 
Variable                 Wetland Type   N     Mean SE Mean   StDev  Minimum   Median Maximum T-Value/ Chi-Square* P-Value DF 
Habitat Support/BufferΔ All Sites 64 -0.11 0.05 0.39 -1.25 0.00 1.45    
Forested     27 -0.14 0.09 0.47 -1.25 0.00 1.45 -0.54 0.60 44 
Non-Forested 37 -0.08 0.06 0.34 -1.19 0.00 0.76    
Wildlife UtilizationΔ                 
  
All Sites 65 -0.12 0.04 0.36 -1.00 0.00 1.00    
Forested     28 -0.13 0.07 0.38 -1.00 0.00 1.00 -0.18 0.86 56 
Non-Forested 37 -0.11 0.06 0.36 -1.00 0.00 1.00    
Wetland CanopyΔ            All Sites 26 -0.52 0.09 0.48 -1.50 -0.50 0.50    
Forested     25 -0.52 0.10 0.49 -1.50 -0.50 0.50 NA NA NA 
  Non-Forested 1 -0.50 NA NA -0.50 -0.50 -0.50    
Field HydrologyΔ          
  
All Sites 58 -0.32 0.07 0.50 -1.50 0.00 0.50    
Forested     27 -0.35 0.11 0.57 -1.50 0.00 0.50 -0.45 0.65 48 
Non-Forested 31 -0.29 0.08 0.44 -1.50 0.00 0.00    
Wetland GroundcoverΔ           
  
All Sites 58 -0.91 0.07 0.55 -2.00 -1.00 0.00    
Forested     21 -0.95 0.09 0.42 -1.50 -1.00 -0.50 -0.54 0.59 54 
Non-Forested 37 -0.88 0.10 0.62 -2.00 -1.00 0.00    
Water Quality Input and TreatmentΔ                  All Sites 65 -0.02 0.02 0.19 -1.00 0.00 0.50    
Forested     28 -0.04 0.05 0.26 -1.00 0.00 0.50 -0.65 0.52 34 
  Non-Forested 37 -0.01 0.02 0.11 -0.55 0.00 0.25    
WRAP ScoreΔ All Sites 65 -0.09 0.01 0.09 -0.28 -0.09 0.22    
  Forested     28 -0.10 0.02 0.10 -0.28 -0.09 0.19 -0.82 0.41 48 
                         Non-Forested 37 -0.08 0.01 0.07 -0.21 -0.09 0.22    
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Figure 6 Distribution of Sampled Sites by Wetland Type and Age 
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Figure 7 Location of Sites within Hillsborough County 
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Figure 8 Mean Annual LDI Scores by Wetland Type for All Georeferenced Wetlands (n = 120) 
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Figure 9 Annual LDI Scores by Wetland Type for Surveyed Sites 
 
  
20112010200920082007200620052004199919951990
7
6
5
4
3
2
LD
I S
co
re
Forested
Non-Forested
Wetland Type
95% CI for the Mean
 124 
 
 
 
Figure 10 Model Building Report for Multiple Regression of Percent Groundcover of Non-Forested Sites 
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Figure 11 Canopy Height for All Surveyed Sites 
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Figure 12 nMDS Plot of Wetland Design Vegetation Species Composition
 127 
 
 
Figure 13 Cluster Plot of Wetland Surveyed Data.  Results exclude bare ground, leaf litter/debris, and open water.
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Figure 14 Contributing Percentage of Dominant Species per Age Category.  Cut off for low contributions at 70%.  An asterisk 
(*) indicates an invasive species 
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Figure 15 Number of Wetlands per WRAP Category at the Time of Design and Survey. Category = 0.7 - 1.0; Category 2 = 0.4 – 
0.7; Category 3 = 0.0 – 0.4 
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Figure 16 Changes in WRAP from WRAPdesign to WRAPcorrected 
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Figure 17 WRAPcorrected versus Time by Wetland Type.  Forested sites (P = 0.54, R2 = 0.01, r = 0.12) and non-forested sites (P = 
0.16, R2 = 0.03, r = -0.18) both displayed non-significant relationships 
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Figure 18 WRAPsurvey versus Time for All Wetlands (P = 0.03, R2 = 0.11)  
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Figure 19 WRAPsurvey versus Time per Wetland Type for Forested (left) and Non-forested (right) Sites.  Forested (P = 0.54, R2 = 0.01, r = 0.12) and non-forested (P = 0.16, R2 = 
0.03, r = -0.18) systems failed to demonstrate a significant relation between wetland condition and time.   
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Figure 20 Regression Optimization for Forested Wetlands by Time, Area, and WRAPdesign per Wetland Type 
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Figure 21 Regression Optimization for Non-Forested Wetlands by Time, Area, and WRAPdesign per Wetland Type 
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CHAPTER 4: 
LONG-TERM VIABILITY OF CONSTRUCTED FRESHWATER 
WETLANDS IN AN URBANIZED LANDSCAPE 
 
Introduction 
Land use change is predicted to be the greatest driver of freshwater biodiversity loss in 
the United States by 2100 (Sala et al. 2000).  Urbanization increases runoff and nutrient loading 
to freshwater ecosystems (Mantyka-Pringle et al. 2014), resulting in decreased ecosystem 
functionality (Lee et al. 2006).  As cities expand to accommodate rapidly increasing human 
populations, urbanization directly impacts freshwater ecosystems through fragmentation and 
destruction, (Hu et al. 2017).  Under the U.S. Clean Water Act (33 U.S.C. § 1251 et seq.) and 
subsequent legislation (P.L. 99-198; P.L. 104-127; P.L. 107-171, Sec. 2002), mitigation 
programs were created to offset these impacts, focusing on preservation, enhancement, 
restoration and/or creation of  systems of equal or greater structural and functional value (Turner 
et al. 2001).  As mitigation has become increasingly common, there is a critical need to 
understand its role in the landscape (Bedford 1996, Roe and Georges 2007, Hogan et al. 2012, 
Reiss et al. 2014).  
A policy of “no net loss” has been adopted by several countries and multinational 
corporations, including the United States, to combat ecosystem destruction and the loss of 
biodiversity (Bull et al. 2016).  Under “no net loss”, the replacement of ecosystem structure and 
function is required when nature systems are damaged or destroyed; and while structural losses 
may be relatively simple to quantify (i.e. hectares of impact/mitigation), ecosystem condition and 
its contributing factors can more abstract (Sonter et al. 2016).  For Florida, where wetlands make 
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up more of the land surface (29%) than any other state (Dahl 2005), replacing lost functions and 
services of natural wetlands is critical to maintaining balance in the landscape (Brooks and 
Wardrop 2013).  Several recent studies have highlighted the difficulties associated with meeting 
“no net loss” from both a functional and structural perspective (Bendor 2009, Goldberg and 
Reiss 2016, Maron et al. 2012).  Research using the landscape development intensity (LDI) 
index, a multimetric tool that quantifies non-renewable energy consumption in a discrete area or 
a contributing buffer around a target area (Brown and Vivas 2005), has shown strong 
correlations between LDI and various wetland condition assessment methodologies (Reiss and 
Brown 2007, Mora et al. 2011, Chen and Lin 2013). 
Because wetland establishment can occur on the order of years to decades (Casanova and 
Brock 2000), understanding the factors contributing to wetland condition can help predict long-
term outcomes (Keddy 1992).  Ecological modeling, whether it is used to predict habitat 
distribution (Guisan and Thuiller 2005), biological diversity relative to landscape changes 
(Jeanneret et al. 2003), or the regional impact of sediment transport (Larsen and Harvey 2010), 
can both define and predict relationships between humans and their surroundings.  With 
progressive population expansion and associated increased demands on the environment, the 
ability to anticipate and ameliorate negative environmental impacts becomes critical.  Predictive 
modeling can be an effective tool  for improving ecosystem restoration (Mitsch and Wilson 
2012); including use of geographic information systems (GIS) to create complex probabilistic 
models (Guisan and Zimmermann 2000). 
Ecosystem restoration that focuses on future scenarios instead of historical conditions is 
necessary to achieve long-term restoration success in areas of increased human development 
(Choi 2004) .  Future land use maps, a common planning practice utilized by local and regional 
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governments, are approved changes to zoning regulations that typically highlight areas where 
increased development is anticipated.  Although not crafted with ecological modeling in mind, 
future zoning maps may be valuable for predicting short and long-term changes in LDI.  LDI can 
be calculated for future scenarios by converting future land use maps into land use land cover 
(LULC) categories such as the Florida Land Use, Cover and Classification System (FLUCCS). 
In Hillsborough County, Florida, freshwater wetland area decreased by approximately 
29% from the 1950’s to 2011; however, starting in 1985, wetland creation through compensatory 
mitigation has been adding new wetland ecosystems to the landscape (Chapter 2).  These created 
systems have been constructed in a rapidly developing watershed and are subjected to increasing 
anthropogenic pressure by their surroundings (Violin et al. 2011).  By converting the future land 
use plans into FLUCCS, LDI scores for Hillsborough County’s drainage basins and for created 
mitigation wetland buffers can be predicted to the year 2025.  Changes in drainage basin and 
individual wetland LDI scores can be determined to forecast probable changes in the landscape. 
  The goal of this study is to determine how approved future land use changes will alter 
the landscape of Hillsborough County, Florida with particular attention paid to the buffer areas 
of created freshwater wetlands.  This research sought to answer the following questions: Will 
approved future land use changes significant increase LDI scores for Hillsborough County 
drainage basins?  Will anthropogenic pressure on created freshwater wetlands significantly 
intensify?  And will the proposed land use changes affect forested and non-forested wetlands to 
the same degree?   This study hypothesized that approved land use changes would result in 
significant changes to the landscape and the degree of anthropogenic pressure placed on created 
wetlands, as measure by the landscape development intensity index.  
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Methods 
Future Land Use Analysis 
Future land use and zoning data were acquired from the six counties that contribute to 
Hillsborough County drainage basins.  Hillsborough, Pinellas, Pasco, and Manatee County have 
approved changes to the zoning plans through 2025, while Polk and Hardee County have 
approved their plans through 2030 (Figure 22).  A crosswalk was created to convert zoning codes 
to level 2 FLUCCS land use land cover classifications (Appendix Q).  Due to differences in 
mapping detail, existing transportation, water resources, and wetlands, shapefiles (FLUCCS 
4000, 5000, & 8000) from a current land use land cover geodatabase (LULC2011, SWFWMD 
2011) were appended to the maps to ensure the same level of detail for all counties.  LULC2011 
data were also used in areas where future land use was missing.  This approach provided a 
conservative estimate of overall land use change because it preserves wetland and water features 
while maintaining the extent of transportation.  Only urban and built-up (FLUCCS 1000), 
agriculture (FLUCCS 2000), rangeland (FLUCCS 3000), upland forest (FLUCCS 4000), and 
barren land (FLUCCS 8000) parcels were converted to the 2025/2030 approved land uses.  The 
resulting feature class, LULC2025, represents the probable land use for the year 2025. 
Drainage Basin LDI2025 
 LDI coefficients (Brown and Vivas 2005) were assigned to the LULC2025 feature class 
to determine the LDI score of each HUC 8 drainage basin in Hillsborough County (n = 184).  
Coefficients were assigned based on the highest available level of FLUCCS classification 
(typically level 2, except for areas of Hillsborough County that were level 3).  LDIbasin was 
calculated for each Hillsborough County drainage basin using the following formula: 
 LDIbasin = ∑%LUi * LDIi  
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where LDIbasin = LDI score for the entire drainage basin; LUi = percent of the total area of 
influence in land use i; LDIi = landscape development intensity coefficient for land use i.  
LDIbasin2025 land use categories were assigned to each drainage basin based upon their LDI index 
scores (Natural 0.0 – 2.0, Agricultural 2.1 – 5.0, Urban > 5.0).  Drainage basin LDI scores from 
Chapter 2 (LDI2011) and their corresponding categories were used for pair-wise comparions and 
to detect categorical shifts (Brown and Vivas 2005; Lin, Shang, and Chen 2013).  LDI scores of 
basins with- and without current mitigation wetlands were compared to determine if future 
development is occurring already built-out basins or spreading into new areas.          
LDI2025 of Created Wetlands 
To determine how proposed land use changes might affect individual created wetlands 
within Hillsborough County, wetland LDI scores were taken from the Hillsborough County 
Environmental Protection Commission’s (EPC) wetland mitigation database. The 120 created 
freshwater wetlands selected in Chapter 3 were overlaid on the LULC2025 layer, and the LDI for 
each site was calculated from the surrounding 100 meter buffer (Mack 2006, Reiss et al. 2014).  
The following formula was used to calculate LDI within a 100-meter buffer around each 
wetland: 
 LDIwetland = ∑%LUi * LDIi  
where LDIwetland = LDI score for the created wetland; LUi = percent of the total area of 
influence in land use i; LDIi = landscape development intensity coefficient for land use i (Brown 
and Vivas 2005).   The resulting scores were assigned to the corresponding site and compared to 
the LDI results (LDI2011) from Chapter 3.  Comparisons between forested and non-forested LDI 
were made to determine if a difference in development pressure is expected between wetland 
types.     
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Statistical Analyses 
 Utilizing data from Chapter 3, GIS analyses were conducted in ArcMap 10.3.1 (ERSI 
2014), with statistical analyses conducted in Minitab 17.3.1 (Minitab 2010) and SYSTAT 13 
(Systat Software, San Jose, CA).  Prior to statistical comparison, Anderson-Darling normality 
tests were conducted in Minitab to determine the distribution of the data.  Based on the results of 
this test, two-sample t-tests were run on normally distributed data, while nonparametric Kruskal-
Wallis or Wilcoxon rank sum test were run on datasets that were non-normally distributed.  
Independent comparisons between wetland types were completed using the two-sample t-test or 
Kruskal-Wallis, while dependent comparisons between design and survey conditions were based 
on a Wilcoxon’s rank sum test.     
Results 
Drainage Basin LDI2025 
Mean drainage basin LDI2025 for all basins (n = 184) in Hillsborough County was 4.64 
(SD ± 1.69) (Figure 23).  Mean basin LDI2025 increased by 0.03 from LDI2011, which was not a 
significant change (P = 0.85, Z = -0.19, DF = 1).  The largest increases in LDI occurred in basins 
draining directly to Tampa Bay, especially those on the downtown Tampa peninsula (Figure 24).  
The maximum predicted drainage basin LDI2025 was 8.22, an increase of 0.12 from the maximum 
LDI2011 values (Table 26).  A total of 45 drainage basins shifted LDI categories from 2011 to 
2025 (Figure 25), with three basins dropping two categories from “Urban” to “Natural” (Table 
27).  Drainage basins that possessed mitigation projects (n = 74) significantly increased mean 
LDI from 4.8 to 5.6 (P = 0.02, Z = 2.38, DF = 1).  For the LDI2025 dataset, drainage basins with 
mitigation continue to score significantly higher than basins without (P = 0.002, χ2 = 9.46, DF = 
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1), implying that development is occurring primarily within the same basins as current 
development but with an increased intensity.    
Created wetlands LDI 
LDI2025 values for the 120 created freshwater wetlands increase on average by 0.82 
compared to 2011 (P < 0.001, Z = 6.69, DF = 1).  Minimum LDI2025 decreased by 0.03 compared 
to LDI2011, from 1.05 to 1.02, while maximum LDI increase by 0.19, from 8.31 in 2011 to 8.50 in 
2025 (Table 28).  No significant difference was predicted between the wetland types (P = 0.07, 
χ2 = 48.65, DF = 1). 
Discussion 
 The ability to model and predict the relationships between changes in the 
environment and biological responses is paramount to understanding the repercussions of human 
impacts on wetlands in developing landscapes.  Ecologists and geographers have used modeling 
to explain and predict the effects of increased urbanization around the world (Weng 2002, Roe 
and Georges 2007, Zorrilla-Miras et al. 2014), however few studies have evaluated changes in 
LDI across a temporal gradient (Rains et al. 2013, Lu et al. 2016).  For the Tampa Bay 
watershed, increased development intensity in Hillsborough and the other contributing counties 
is not only anticipated, but has been planned and approved.  Recognizing that the intensity of 
human development affects ecosystem value makes these future land use plans a valuable tool 
for researchers and land managers.  This study used a combination of future and current land use 
data to predict changes in LDI for the year 2025.  While it is understood that not all approved 
land use changes will occur by the year 2025, inclusion of existing transportation, water, and 
wetland areas from 2011 that are absent in the 2025 data should offset any over-estimates of land 
use change, resulting in a conservative prediction. 
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 The hypothesis that approved land use changes would result in significant changes to 
the landscape as measured by the LDI index was not supported by this study.  From the future 
land use data, it was determined that mean drainage basin LDI scores are not expected to change 
significantly across Hillsborough County from 2011 to 2025.  In eastern Hillsborough County, 
reclamation of phosphate mining lands to land use categories of lower LDI resulted in a drastic 
decrease in mean LDI scores for serval drainage basins, while anticipated initiation of mining 
increased the LDI of others.  Along the coast and on the Tampa peninsula, already high LDI 
scores are expected to climb, signaling continued build-up of the urban core of the watershed.  
This conversion of high development intensity land use to lower LDI categories has not been 
commonly reported in other studies.  This study determined that while 15% (n = 27) of the 
drainage basins are predicted to experience a positive shift in LDI categories (increased LDI 
values), 10% (n = 18) are expected to experience negative shifts.  While it was determined in 
Chapter 2 that many of these basins lacked mitigation wetlands, those that do will continue to be 
subjected to increasing pressure from their surroundings, likely resulting in wetland degradation   
Recent research on the relationship between LDI and ecosystem services (Li et al. 2017) in an 
“agro-pastoral” region of Mongolia found a detrimental impact to ecosystems services when LDI 
was greater than 3.95.  Hillsborough County’s mean drainage basin LDI for 2025 is predicted to 
be 4.64 (SD ± 1.69), meaning ecosystem services could suffer.  Like the 2011 LULC analyses, 
2025 drainage basins with mitigation are predicted to maintain significantly higher LDI scores 
than basins without, implying that current development patterns are likely to continue into the 
next decade.  The lack of a significant increase in overall drainage basin LDI could be a result of 
reclamation in the eastern Hillsborough County balancing development in the west; or it could 
indicate an increase in urban sprawl, which would dilute the increased development across basin 
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boundaries and perhaps reduce impacts to individual basins.  Another possibility is the lack of 
transportation changes included in most of the future land use plans.  Transportation (FLUCCS 
8100) has a LDI coefficient of 8.05, meaning the absence of road expansions could greatly 
impact the calculate LDI score, in addition to the negative repercussions on wetland biodiversity 
(Findlay and Bourdages 2000).   
The second hypothesis predicted approved land use changes would result in significant 
changes to the degree of anthropogenic pressure placed on created wetlands was supported by 
this study.  For the individual wetland creation sites, wetland LDI is expected to increase 
significantly from 2011 to 2025, with mean wetland LDI values increasing from 5.06 to 5.88.  
Similar LDI values for Florida wetlands resulted in WRAP scores of approximately 0.2 – 0.6 
(Reiss and Brown 2007).  It is important to note that while LDI may be strongly correlated with 
overall wetland condition, certain functions and services may respond positively in areas of 
increased development; meaning these systems are still valuable within the landscape.  Li et al. 
(2017) observed an increase in net primary production (NPP), soil conservation, and crop 
production as LDI increased in “agro-pastoral” landscape.  While urban systems may be 
subjected to increased nutrient loading from near-by impervious surfaces (Violin et al. 2011) 
resulting in diminished habitat value, their ability uptake nutrients and prevent downstream 
transport can be vital to the landscape.  It may not be possible for a constructed urban wetland to 
replicate all the functions and services provided by natural systems, however, it still has value. 
While this study did identify a significant change in wetland LDI from 2011 to 2025, 
there was no predicted difference between wetland types.  This is similar to the observed trend 
from 2011 for the surveyed systems.  As both wetland types are anticipated to experience similar 
increases in land use intensity, the differences in their trajectories may become more important 
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(Chapter 3).  Recognition of the differences between forested and non-forested wetlands should 
be incorporated into future design and placement of created wetlands.  Because landscape 
position and LDI have been demonstrated to have a strong correlation to wetland condition 
(Cohen et al. 2004, Brown and Vivas 2006, Mack 2006, Carey et al. 2011, Reiss et al. 2014), 
placing created wetland adjacent or connected to existing natural wetlands should help improve 
wetland condition (Van den Bosch and Matthews 2017).     
 Urban landscapes are dynamic and are capable of rapid changes. Mitigation wetlands 
are designed and constructed under one set of conditions, but are expected to coalesce and thrive 
regardless of changes in their surroundings.  As noted by this study and many others (Cohen et 
al. 2004, Mack 2006, Reiss and Brown 2016, Stuber et al. 2016), the value of a wetland and the 
condition of its surroundings are inextricably linked.  While the importance of balancing societal 
needs with ecosystem functionality has been presented at length (Gobster 2001, Defries et al. 
2004, Lyytimäki and Sipilä 2009), the value of zoning and land use plans for predicting 
ecological outcomes has only recently been recognized (Geneletti 2012, 2013, Bragagnolo and 
Geneletti 2014).  Since the inception of the landscape development intensity index (Brown and 
Vivas 2005), most studies have focused on the relationships between LDI and environmental 
indices (Carey et al. 2011, Jayacaran et al. 2016, Struber et al. 2016), however the true advantage 
of LDI is in its ability to predict biological and ecosystem conditions at sites that cannot be 
accessed, either due to spatial or temporal limitations.  In concordance with the findings of Rains 
et al. (2013), this study shows using approved future land use plans and LDI to avoid areas with 
low probabilities for mitigation success could help improve wetland functionality and increase 
long-term success rates. 
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 In summary, approved future zoning plans can be used to create land use maps 
capable of predicting changes in development intensity.  This study determined that mean 
drainage basin LDI scores of Hillsborough County, Florida will not increase significantly by the 
year 2025, although those basins that current possess created mitigation wetlands are anticipated 
to increase significantly over those without.  Moreover, approved changes will likely lead to 
significant increases in LDI for created wetlands in the region as development intensifies, with 
no statistical difference detected around forested versus non-forested systems.  For created 
wetlands of Hillsborough County, approved future land use changes likely mean increased 
pressure and diminished conditions.          
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Table 26 Summary of Drainage Basin LDI Scores for 2011 and 2025 
Year    N Mean StDev SE Mean Minimum  Median Maximum 
2011 184 4.61 1.44 0.11 1.10 4.47 8.11 
2025 184 4.64 1.69 0.13 1.00 4.59 8.22 
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Table 27 Changes in Drainage Basin LDI Categories from 2011 to 2025.  Categories represent LDI classifications from 2011.  
Degree of change represents the number of categories a basin shifted down (negative numbers) or up (positive numbers) in 2025. 
Degree of Change Total Basins Natural Basins Agricultural Basins Urban Basins 
-2 3 0 0 3 
-1 15 0 3 12 
0 139 2 86 51 
1 27 4 23 0 
2 0 0 0 0 
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Table 28 Summary of Created Wetland LDI Scores for 2011 and 2025 
Year    N   Mean SE Mean  StDev Minimum Median Maximum 
2011 120 5.06 0.16 1.78 1.05 5.06 8.31 
2025 120 5.88 0.16 1.70 1.02 6.06 8.50 
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Figure 22 Locations of the Six Counties with Future Land Use Plans that Contribute to Drainage Basins in Hillsborough County 
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Figure 23 Drainage Basin LDI2025.  Coastal drainage basins displayed the greatest mean LDI values, although moderate to high 
LDI scores did extend east into the upper stretches of the watershed. 
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Figure 24 Change in Drainage Basin LDI from 2011 to 2025.  Peninsular Tampa continues to experience increased land use 
intensity while some drainage basins in eastern Hillsborough County decrease in LDI as phosphate lands are converted to less-
intense uses. 
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Figure 25 Change in Drainage Basin LDI Categories from 2011 to 2025 
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CHAPTER 5:  
DISSERTATION SUMMARY AND CONCLUSIONS 
 
As the leading cause of wetland loss has shifted from agriculture to urbanization, wetland 
mitigation has moved from rural landscapes and into the hearts of many cities.  While new 
wetlands are constructed to offset direct impacts, constructed urban wetlands are subjected to a 
complex and ever-changing multitude of indirect stressors.  Intensifying development, altered 
hydrology, and increased pollutant loadings can drastically reduce the ability of a wetland to 
function properly (Ehrenfeld and Schneider 1993, Ehrenfeld 2000).  This dissertation examined 
the relationship between freshwater wetland creation and urbanization within a coastal watershed 
through the lens of wetland mitigation. 
 In Chapter 2, nearly 30 years of wetland impacts and mitigation were evaluated, both 
cumulatively and between forested and non-forested wetland types.  Changes in landscape 
development intensity were also evaluated to understand the relationship between freshwater 
wetland mitigation and changes in the watershed better.  It was determined that increased 
mitigation ratios and increased mitigation frequency of non-forested sites have reduced 
differences in areal extent between non-forested and forested systems.  Increases in drainage 
basin LDI demonstrated that development is both spreading away from the coast into rural lands 
and is intensifying within already urbanized areas.  Drainage basins that possess mitigation 
projects have experienced increases in LDI to a significantly greater degree than those without, 
signaling that wetland mitigation is failing to offset the impacts of increased development at the 
landscape scale. 
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 In Chapter 3, the value of constructed wetlands was investigated to determine if the 
gains observed in Chapter 2 existed solely on paper.  The sampling of 65 constructed wetlands 
(forested = 28; non-forested = 37) revealed that 18% of the originally constructed wetland area 
had been lost; converted to either upland habitat or open water.  The wetland rapid assessment 
procedure (WRAP) was selected as the preferred wetland assessment methodology due to its 
strong correlation to LDI values.  Evaluation of WRAPdesign scores, the theoretical value of the 
wetland at the time of release, yielded lower mean values than anticipated, which was primarily 
due to the condition of the surrounding landscape.  Analysis of design variables showed no-
significant design differences between wetland types, except for a significant increase in canopy 
richness for forested sites.  Field surveys of the constructed systems showed that the vast 
majority of sites had not only failed to reach their intended stable state, but had also diminished 
in overall value since release (Appendix R).  The results of the multivariate regression models 
again indicated that the supporting landscape was the greatest contributor to observed WRAP 
scores.  By analyzing wetland condition versus time since release, wetland trajectories were 
established for the two wetland types, which indicated a non-significant negative trajectory for 
non-forested systems and a non-significant positive trajectory for forested systems.  Correcting 
the WRAP scores by the percentage of intended functional wetland area (FWA) remaining at the 
time of survey provided a novel approach to evaluating design versus survey condition and 
revealed a significant decrease in mean wetland value for both wetland types.  From the design 
and survey data, a response optimization approach with the multivariate regression analyses to 
determine ideal conditions for wetland designs.  Variables WRAPdesign and Areadesign were 
selected for both wetland type models, while Timesurvey was also selected for forested sites and 
designed seasonal high water depth (SHWdesign) was identified for non-forested wetlands.  Under 
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current design practices, non-forested wetland value is greatest when SHW and WRAPdesign are 
maximized and size is reduced, while forested wetland value is greatest with maximized 
WRAPdesign and Timesurvey values. 
 In Chapter 4, the use of future zoning data facilitated comparison of current landscape 
condition to a likely outcome in the near future (2025).  Despite the course scale of the future 
land use plans, increased LDI scores were detected for the constructed wetlands in Hillsborough 
County and drainage basins that contained these wetlands continued to show increased 
development compared to those without.  These constructed systems will likely be subjected to 
continued and intensifying stressors that will test the resiliency of these systems.  Although 
increasing land use intensity can have negative impacts on overall wetland condition, it is 
important that the functions and services provided by urban wetlands are not overlooked. 
 The use of wetland trajectories to justify mitigation release is a practice necessitated 
by timing and costs.  To date, this practice has focused on establishing the wetland during a 
period of active maintenance and monitoring, and concluded that establishment rates would 
continue long after human assistance was removed.  The problem with this approach is that these 
systems do not continue on the same trajectories.  Post-release, constructed freshwater wetlands 
are at the mercy of their surroundings, and are expected to flourish even as the supporting 
landscape degrades.  This dissertation has highlighted the importance of wetland design and site 
location on wetland condition.  From this research, it is apparent that consideration of site 
placement is the most important design variable for small (3 hectares or less) freshwater 
wetlands; and, as noted by Choi (2004), anticipation of future conditions is necessary to promote 
long-term success.  In an urban setting, it would appear that the best strategy for wetland 
placement is contiguous with existing wetland systems.  Not only will this reduce anthropogenic 
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pressure on the constructed system, but will also guarantee ecological connectivity, a rarity in 
highly-developed landscapes (Lee et al. 2006, Alberti et al. 2007). 
 As the field of restoration ecology matures, advancements in theory and application 
will continue to develop, providing new and exciting opportunities research (Perring et al. 2015).  
Long-term studies such as this are valuable tools for understanding how specific ecosystems 
respond to changing landscapes and should be used to help shape policies that reflect these 
ecological advancements.  Understanding the past and preparing for the future is the only way to 
foster restoration success. 
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APPENDICES 
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 Appendix A Data Source and Classification Scheme for Freshwater Wetlands Data 
Land use/Project Descriptions  Re-Classified Wetland 
Type 
Data Source Period of Record 
Forested/Lacustrine Forested Rains et al. 2012 1950’s 
Forested/Other Forested Rains et al. 2012 1950’s 
Forested/Riverine Forested Rains et al. 2012 1950’s 
Non-Forested/Lacustrine Non-forested Rains et al. 2012 1950’s 
Non-Forested/Other Non-forested Rains et al. 2012 1950’s 
Non-Forested/Riverine Non-forested Rains et al. 2012 1950’s 
Bay Swamps Forested SWFWMD 1950’s; 1990 – 2011 
Cypress Forested SWFWMD 1950’s; 1990 – 2011 
Emergent Aquatic Vegetation Non-forested SWFWMD 1950’s; 1990 – 2011 
Forested Forested SWFWMD 1950’s; 1990 – 2011 
Freshwater Marshes Non-forested SWFWMD 1950’s; 1990 – 2011 
Herbaceous Non-forested SWFWMD 1950’s; 1990 – 2011 
Intermittent Ponds Non-forested SWFWMD 1950’s; 1990 – 2011 
Non-Vegetated Non-forested SWFWMD 1950’s; 1990 – 2011 
Shorelines Non-forested SWFWMD 1950’s; 1990 – 2011 
Streams and Lake Swamps 
(Bottomland) 
Forested SWFWMD 1950’s; 1990 – 2011 
Submergent Aquatic Vegetation Non-forested SWFWMD 1950’s; 1990 – 2011 
Titi Swamps Forested SWFWMD 1950’s; 1990 – 2011 
Vegetated Non-Forested Wetlands Non-forested SWFWMD 1950’s; 1990 – 2011 
Wet Prairies Non-forested SWFWMD 1950’s; 1990 – 2011 
Wetland Coniferous Forests Forested SWFWMD 1950’s; 1990 – 2011 
Wetland Forested Mix Forested SWFWMD 1950’s; 1990 – 2011 
Wetland Hardwood Forests Forested SWFWMD 1950’s; 1990 – 2011 
Bay Head Forested EPC 1985 – 2011 
Cypress Swamp Forested EPC 1985 – 2011 
Ditch Non-Forested EPC 1985 – 2011 
Freshwater Marsh Non-Forested EPC 1985 – 2011 
Hardwood Swamp Forested EPC 1985 – 2011 
Herbaceous Non-Forested EPC 1985 – 2011 
Lake/Pond Non-Forested EPC 1985 – 2011 
Littoral Shelf Non-Forested EPC 1985 – 2011 
Riverine Flood Plain Non-Forested EPC 1985 – 2011 
Shallow Grass Pond Non-Forested EPC 1985 – 2011 
Shrub Non-Forested EPC 1985 – 2011 
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Appendix B Total Freshwater Impacts and Mitigation per EPC Wetland Category.  Labels refer to the number of discrete sites. 
*Coastal Marsh was included if the corresponding impacts or mitigation was a freshwater habitat type 
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Appendix C Freshwater Impacts and Mitigation by Site Type 
Site Type Number of Projects Impact Area (ha) Mitigation Area (ha) 
Commercial 334 201.39 305.96 
Enforcement† 22 14.39 17.54 
Linear Roadway 51 33.88 156.76 
Mitigation Bank 3 14.47 53.65 
Other 32 89.29 145.07 
Phosphate 47 1752.69 2170.34 
Pipeline 12 25.32 28.90 
Residential 34 4.44 8.62 
Single Family 16 0.60 0.61 
Subdivision 245 166.05 412.76 
SWIM Project‡ 2 0.40 13.06 
TPA* 2 0.00 1.34 
Total 800 2302.91 3314.60 
†Mitigation projects that failed to meet their permit requirements and required additional action.  ‡Habitat 
restoration projects conducted by SWFWMD’s Surface Water Improvement and Management Program *Tampa 
International Airport Based on EPC permitted impacts. 
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Appendix D Cumulative Impact (A) and Mitigation Area (B) per Drainage Basin 
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Appendix E Annual LDI Scores of Hillsborough County Created Wetlands (n = 120) 
Variable          N  Mean  SE Mean   StDev Minimum Median Maximum 
1990 33 4.53 0.35 1.98 1.00 4.65 8.17 
1995 61 4.52 0.26 2.06 1.00 4.39 8.31 
1999 93 4.56 0.21 1.98 1.10 4.32 8.31 
2004 100 5.00 0.18 1.78 1.02 5.06 8.31 
2005 107 5.00 0.17 1.77 1.01 5.05 8.31 
2006 115 5.01 0.17 1.77 1.01 4.85 8.31 
2007 118 5.04 0.16 1.76 1.05 5.06 8.31 
2008 120 5.04 0.16 1.76 1.05 5.06 8.31 
2009 120 5.07 0.16 1.77 1.05 5.06 8.31 
2010 120 5.07 0.16 1.77 1.05 5.06 8.31 
2011 120 5.06 0.16 1.78 1.05 5.06 8.31 
LDI∆       120 0.77 0.10 1.12 -1.45 0.45 4.72 
LDI∆% 120 0.30 0.05 0.55 -0.42 0.13 2.97 
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Appendix F Annual LDI Scores per Wetland Type 
Variable          Wetland Type  N  Mean SE Mean StDev Min. Median  Max. T-Value/ Chi-Squared* P-Value DF 
1990 Forested     7 4.39 0.88 2.34 1.65 4.42 8.17 0.22* 0.64 1 
                  Non-Forested 13 4.45 0.58 2.09 1.00 4.66 7.47    
1995 Forested     14 4.90 0.54 2.02 1.59 4.64 8.01 0.23 0.82 29 
                  Non-Forested 18 4.72 0.54 2.29 1.01 4.87 8.31    
1999 Forested     22 4.85 0.39 1.84 1.95 4.55 8.01 1.20 0.24 48 
                  Non-Forested 30 4.18 0.39 2.16 1.26 3.27 8.31    
2004 Forested     23 5.16 0.37 1.76 1.02 5.21 8.01 0.87* 0.35 1 
                  Non-Forested 32 4.89 0.33 1.84 2.33 4.15 8.31    
2005 Forested     24 5.29 0.36 1.77 1.01 5.22 8.01 2.88* 0.09 1 
                  Non-Forested 35 4.76 0.31 1.84 2.33 4.02 8.31    
2006 Forested     26 5.46 0.34 1.72 1.01 5.26 8.01 1.58 0.12 55 
                  Non-Forested 36 4.74 0.30 1.81 2.33 4.15 8.31    
2007 Forested     28 5.41 0.32 1.70 1.05 5.26 8.01 1.33 0.19 60 
                  Non-Forested 36 4.82 0.31 1.86 2.33 4.15 8.31    
2008 Forested     28 5.42 0.32 1.70 1.05 5.26 8.01 1.35 0.18 60 
                  Non-Forested 37 4.82 0.30 1.85 2.12 4.27 8.31    
2009 Forested     28 5.43 0.32 1.69 1.05 5.26 8.01 1.18 0.24 61 
                  Non-Forested 37 4.90 0.31 1.90 2.33 4.27 8.31    
2010 Forested     28 5.43 0.32 1.68 1.05 5.26 8.01 1.17 0.25 61 
                  Non-Forested 37 4.91 0.31 1.91 2.33 4.27 8.31    
2011 Forested     28 5.43 0.32 1.68 1.05 5.26 8.01 1.22 0.23 61 
                  Non-Forested 37 4.88 0.32 1.93 1.68 4.27 8.31    
LDI∆       Forested     28 0.87 0.25 1.32 -0.76 0.48 4.66 -0.12 0.91 57 
                  Non-Forested 37 0.91 0.22 1.31 -1.45 0.62 4.35    
LDI∆% Forested     28 0.35 0.14 0.72 -0.42 0.13 2.97 0.18 0.86 48 
                  Non-Forested 37 0.32 0.09 0.55 -0.29 0.20 2.61    
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Appendix G Planted species counts and percent of total species for all surveyed sites (n = 65).  Members of the genus "Scirpus" 
have been changed to "Schoenoplectus" to reflect current nomenclature. 
Species Count Percent 
Pontederia cordata 76,251 20.26% 
Sagittaria lancifolia 54,037 14.36% 
Juncus effusus 51,299 13.63% 
Spartina bakeri 26,101 6.93% 
Panicum hemitomon 19,535 5.19% 
Canna flaccida 14,822 3.94% 
Schoenoplectus validus 10,116 2.69% 
Nymphaea odorata 10,100 2.68% 
Muhlenbergia capillaris 9,257 2.46% 
Eleocharis baldwinii 9,207 2.45% 
Dichanthelium spp. 8,857 2.35% 
Iris hexagona 7,874 2.09% 
Osmunda cinnamomea 6,461 1.72% 
Thalia geniculata 6,411 1.70% 
Eleocharis cellulosa 5,891 1.57% 
Cladium jamaicense 5,683 1.51% 
Carex spp. 5,271 1.40% 
Eleocharis spp. 4,916 1.31% 
Sagittaria latifolia 4,101 1.09% 
Nuphar luteum 3,143 0.83% 
Sauruus cernuus 2,856 0.76% 
Ludwigia repens 2,835 0.75% 
Cyperus spp. 2,722 0.72% 
Sagittaria spp. 2,525 0.67% 
Schoenoplectus californicus 2,176 0.58% 
Iris versicolor 1,969 0.52% 
Peltandra virginica 1,605 0.43% 
Rudbeckia hirta 1,600 0.43% 
Polygonum hydropiperioides 1,367 0.36% 
Blechnum serrulatum 1,343 0.36% 
Xyris floridana 1,322 0.35% 
Xyris elliottii 1,315 0.35% 
Lyonia lucida 1,087 0.29% 
Myrica cerifera 1,044 0.28% 
Bacopa monnieri 1,029 0.27% 
Nymphoides aquatica 1,000 0.27% 
Coreopsis floridana 875 0.23% 
Hypoxis curtissii 875 0.23% 
Liatris spp. 875 0.23% 
Polygonum sp. 750 0.20% 
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Osmunda regalis 667 0.18% 
Blechnum spp. 600 0.16% 
Polygonum punctatum 500 0.13% 
Pontederia lanceolata 400 0.11% 
Spartina spp. 387 0.10% 
Rhyncospora spp. 350 0.09% 
Xyris jupicai 350 0.09% 
Nelumbo lutea 339 0.09% 
Nuphar lutea 339 0.09% 
Iris virginica 220 0.06% 
Bacopa caroliniana 200 0.05% 
Eleocharis interstincta 200 0.05% 
Eragrostis tef 200 0.05% 
Osmunda spp. 200 0.05% 
Spartina alterniflora 200 0.05% 
Nymphaea spp. 174 0.05% 
Crinum americanum 117 0.03% 
Amphicarpum muehlenbergianum 100 0.03% 
Lachnanthes caroliniana 67 0.02% 
Dryopteris ludoviciana  54 0.01% 
Cornus foemina 50 0.01% 
Ilex glabra 50 0.01% 
Itea virginica 50 0.01% 
Eriocaulon decangulare 40 0.01% 
Thelypteris spp. 35 0.01% 
Viburnum obovatum 14 0.00% 
Ilex coriacea 5 0.00% 
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Appendix H Surveyed species counts and percent of total species for all surveyed sites (n = 65) 
Species Count Percent 
Salvinia rotundifolia 598 9.11% 
Panicum repens 587 8.94% 
Pontederia cordata 492 7.49% 
Ludwigia peruviana 344 5.24% 
Panicum hemitomon 257 3.91% 
Sagittaria lancifolia 231 3.51% 
Woodwardia spp. 228 3.47% 
Lemna spp. 207 3.15% 
Ludwigia repens 202 3.08% 
Thalia geniculata 156 2.38% 
Typha spp. 156 2.38% 
Spartina bakeri 138 2.10% 
Alternanthera philoxeroides 132 2.01% 
Dryopteris ludoviciana 123 1.87% 
Cladium jamaicense 121 1.84% 
Algae 100 1.52% 
Polygonum spp. 95 1.45% 
Blechnum serrulatum 90 1.37% 
Nuphar luteum 90 1.37% 
Imperata cylindrica 80 1.22% 
Mikania spp. 80 1.22% 
Nephrolepis cordifolia 76 1.16% 
Ptilimnium capillaceum 72 1.10% 
Juncus effusus 71 1.08% 
Thelypteris spp. 69 1.05% 
Stenotaphrum secundatum 68 1.04% 
Commelina diffusa 64 0.97% 
Panicum purpurascens 61 0.93% 
Ampelopsis arborea 56 0.85% 
Cyperus spp. 53 0.81% 
Sphagneticola trilobata 50 0.76% 
Wolffia spp.  50 0.76% 
Utricularia spp. 48 0.73% 
Aster spp. 47 0.72% 
Eleocharis equisetoides 46 0.70% 
Rhynchospora spp. 46 0.70% 
Rubus spp.  45 0.69% 
Hydrocotyle spp. 43 0.65% 
Baccharis glomeruliflora 38 0.58% 
Osmunda regalis 38 0.58% 
Dioscorea bulbifera 37 0.56% 
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Schoenoplectus spp. 36 0.55% 
Hydrochloa caroliniensis 35 0.53% 
Eichhornia crassipes 33 0.50% 
Leersia hexandra 32 0.49% 
Echinochloa colona 31 0.47% 
Canna flaccida 29 0.44% 
Paspalum spp. 29 0.44% 
Vitis rotundifolia 28 0.43% 
Fuirena spp. 27 0.41% 
Sphagnum spp. 25 0.38% 
Eleocharis spp. 24 0.37% 
Centella asiatica 23 0.35% 
Panicum spp. 23 0.35% 
Equisetum hyemale 22 0.34% 
Acer rubrum 21 0.32% 
Sabal palmetto 21 0.32% 
Cirsium nuttallii 20 0.30% 
Myrica cerifera 20 0.30% 
Quercus laurifolia 20 0.30% 
Ludwigia spp. 19 0.29% 
Cyperus haspan 18 0.27% 
Digitaria spp. 18 0.27% 
Urena lobata 18 0.27% 
Paederia foetida 17 0.26% 
Bidens spp. 16 0.24% 
Carex spp. 16 0.24% 
Cynodon dactylon 15 0.23% 
Diodia virginiana  14 0.21% 
Ruellia simplex 14 0.21% 
Salix spp. 14 0.21% 
Sambucus nigra subsp. canadensis 14 0.21% 
Saururus cernuus 14 0.21% 
Eupatorium spp. 13 0.20% 
Sagittaria spp. 13 0.20% 
Paspalum fluitans 12 0.18% 
Andropogon spp. 11 0.17% 
Colocasia esculenta 11 0.17% 
Prunus caroliniana 11 0.17% 
Crinum americanum 10 0.15% 
Toxicodendron radicans 10 0.15% 
Iris spp. 9 0.14% 
Phyla nodiflora 9 0.14% 
Gratiola spp. 8 0.12% 
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Ilex cassine 8 0.12% 
Osmunda cinnamomeum 7 0.11% 
Scoparia dulcis 7 0.11% 
Taxodium spp. 7 0.11% 
Hypericum spp. 6 0.09% 
Macroptilium atropurpureum 6 0.09% 
Amphicarpum muehlenbergianum 5 0.08% 
Boehmeria cylindrica 5 0.08% 
Nymphaea odorata 5 0.08% 
Paspalum urvillei 5 0.08% 
Schinus terebinthifolia 5 0.08% 
Xyris spp. 5 0.08% 
Azolla caroliniana 4 0.06% 
Paspalum notatum 4 0.06% 
Solanum diphyllum 4 0.06% 
Cephalanthus occidentalis 3 0.05% 
Ceratophyllum demersum 3 0.05% 
Cyperus rotundus 3 0.05% 
Hydrolea quadrivalvis 3 0.05% 
Lantana spp. 3 0.05% 
Ludwigia microcarpa 3 0.05% 
Quercus nigra 3 0.05% 
Unknown 3 0.05% 
Unknown 2 3 0.05% 
Acalypha rhomboidea 2 0.03% 
Aeschynomene indica 2 0.03% 
Bacopa caroliniana  2 0.03% 
Ceratopteris thalictroides 2 0.03% 
Eryngium prostratum 2 0.03% 
Galium spp. 2 0.03% 
Lachnanthes caroliniana 2 0.03% 
Alternanthera philoxeroides 2 0.03% 
Ludwigia leptocarpa 2 0.03% 
Lycopus rubellus 2 0.03% 
Lythrum spp. 2 0.03% 
Parthenocissus quinquefolia 2 0.03% 
Phyllanthus urinaria 2 0.03% 
Pteridium aquilinum 2 0.03% 
Rhapidophyllum hystrix 2 0.03% 
Teucrium canadense 2 0.03% 
Teucrium spp. 2 0.03% 
Vigna spp. 2 0.03% 
Andropogon glomeratus var. glaucopsis 1 0.02% 
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Asclepias curassavica 1 0.02% 
Dichanthelium spp. 1 0.02% 
Diospyros virginiana 1 0.02% 
Eclipta alba 1 0.02% 
Hygrophila spp. 1 0.02% 
Juncus spp. 1 0.02% 
Ludwigia octovalvis 1 0.02% 
Myriophyllum aquaticum 1 0.02% 
Pluchea spp. 1 0.02% 
Sepium sebifera  1 0.02% 
Smilax spp. 1 0.02% 
Spermacoce floridana 1 0.02% 
Ulmus americana 1 0.02% 
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Appendix I Canopy Species Mean DBH (cm) by Height 
Species 
0.0 – 
0.9 m 0.9 – 1.5 m 
 1.5 – 3.0 
m 3.0 – 4.6 m 4.6 – 6.1 m 6.1+ m 
Acer rubrum 0.00 0.00 0.30 1.78 2.24 9.40 
Baccharis glomeruliflora 0.00 0.00 0.00 0.51 2.01 4.52 
Cephalanthus occidentalis 0.00 0.00 0.00 1.19 1.98   
Cinnamomum camphora   0.00   26.21 
Cornus foemina  0.00   0.00   
Fraxinus americana 0.00 0.00 0.00  2.54 7.57 
Fraxinus caroliniana   0.00 0.00 0.00 0.64 0.00 7.34 
Ilex cassine 0.00 0.00 0.00  5.08 9.40 
Itea virginica    0.00    
Liquidambar styraciflua   0.76  14.38 11.00 
Ludwigia peruviana  0.00 0.00     
Magnolia virginiana   0.00  2.13 6.43 
Myrica cerifera 0.00 0.00 0.36 1.12 2.67 6.22 
Nyssa biflora 0.00   2.36 6.17 8.61 
Nyssa sylvatica  0.00    7.47 
Persea borbonia 0.00 0.00    5.97 
Pinus elliottii  0.00 0.00 3.56 0.00 14.58 
Prunus caroliniana   0.00     
Quercus laurifolia 0.00 0.00 0.00 0.79 3.68 9.04 
Quercus nigra 0.00 0.00 0.00 0.00 7.11 15.32 
Sabal palmetto 0.00 0.00 0.00 0.00  0.00 
Salix spp.   0.43 1.68 3.68 9.27 
Sambucus canadensis 0.00 0.00 0.00 0.00    
Sepium sebifera  0.00 0.00     
Schinus terebinthifolia 0.00  0.00 0.79 4.42 7.09 
Solanum diphyllum 0.00 0.00      
Taxodium ascendens 0.00  2.29 2.90  14.10 
Taxodium distichum 0.00  0.00 1.70 10.87 22.89 
Taxodium spp. 0.00 0.48 1.04 3.84 7.47 18.39 
Ulmus americana 0.00 0.00 0.00 1.91 10.29 13.34 
Unknown     0.00   
Grand Total 0.00 0.03 0.23 1.32 3.43 11.10 
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Appendix J Regression Models for FWA 
Regression Formula P-Value R2 Pearson’s r 
FWA* Wetland Type 0.92 0.0002 0.27 
FWA* Timesurvey 0.58 0.0048 -0.07 
FWA* Areadesign 0.11 0.394 0.20 
FWA* FRAC 0.11 0.0396 -0.20 
FWA* LDI%∆ 0.52 0.0066 -0.08 
FWA* Wetland Type * Timesurvey 0.85 0.0051 * 
FWA* Wetland Type * Timesurvey * Areadesign 0.35 0.0515 * 
FWA* Wetland Type * Timesurvey * Areadesign * LDI%∆ 0.14 0.0854 * 
FWA* Wetland Type * Timesurvey * Areadesign * LDI%∆ * FRAC 0.45 0.0757 * 
FWA* Timesurvey * Areadesign 0.19 0.0515 * 
FWA* Timesurvey * Areadesign * LDI%∆ 0.30 0.0579 * 
FWA* Areadesign * LDI%∆ 0.23 0.0467 * 
FWA* Normal Pool Depthdesign 0.08 0.2168 0.47 
FWA* Normal Pool Depthdesign * Timesurvey 0.08 0.2168 0.47 
FWA* Normal Pool Depthdesign * Timesurvey * Areadesign 0.02 0.7238 * 
FWA* Normal Pool Depthdesign * LDI%∆ * Areadesign 0.070 0.4594 * 
FWA* SHW Depthdesign 0.09 8.54 0.29 
FWA* Bottom DepthΔ 0.24 0.0485 -0.22 
FWA* SHW Depthdesign* Timesurvey 0.22 0.0916 * 
FWA* SHW Depthdesign* Timesurvey 0.079 0.1937 * 
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Appendix K Vertical Elevation Determination Values (NAVD88) 
Variable                   N    Mean SE Mean  StDev  Minimum  Median  Maximum 
SHWdesign  47 36.37  3.45 23.62  5.13  29.11 114.15 
Normal Pooldesign            21 27.52  2.63 12.07 10.89  25.14  54.27 
Bottomdesign                41 35.26  4.10 26.28  4.13  29.33 135.75 
Water levelsurvey  43 31.32  2.75 18.05  4.48  27.28 115.06 
Control Pointsurvey  21 32.47  3.34 15.31  5.00  29.53  56.07 
Invert, Structural 
Controlsurvey 
 24 38.80  5.31 26.00 12.88  28.98 115.44 
Control Structure 
Lower Orificesurvey 
 14 38.94  7.12 26.64 12.43  30.65 115.05 
Control Structure Top 
of Gratesurvey 
  7 32.93  3.42  9.06 20.55  29.48  44.25 
Hydric/Non-hydric 
Soil Interfacesurvey 
 12 31.27  3.81 13.18 11.86  26.90  54.06 
Normal Poolsurvey     20 38.13  6.31 28.20 11.61  31.25 115.05 
Lichen Linesurvey         13 24.77  3.84 13.86  6.76  25.78  55.15 
Stain Linesurvey    13 37.61  8.15 29.37  5.28  30.31 111.46 
Adventitious 
Rootssurvey 
 11 36.73  4.42 14.65  4.88  41.68  54.75 
Wetland Edgesurvey        49 35.18  3.05 21.37  4.80  30.30 115.50 
Water Level in 
Adjacent Location 
 25 37.99  5.12 25.59  5.57  30.41 114.33 
Deep Spotsurvey      40 31.91  3.06 19.35  3.82  28.04 111.00 
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Appendix L Changes in Elevations per Wetland Type 
Variable Wetland Type N Mean StDev SE Mean T-Value/  Chi-Square* P-Value DF 
BottomΔ% 
All Sites 30 0.64% 0.14 0.03    
Forested 14 2.36% 0.19 0.05 0.58 0.56 17 
Non-Forested 16 -0.86% 0.08 0.02    
SHW  
DepthΔ% 
All Sites 19 16.90% 0.48 0.11    
Forested 8 21.00% 0.32 0.11 1.27* 0.26 1 
Non-Forested 11 14.10% 0.59 0.18    
Normal Pool  
DepthΔ% 
All Sites 5 755.00% 13.72 6.14    
Forested 3 95.70% 1.23 0.11 5.00* 0.03 1 
Non-Forested 2 1740.00% 20.60 0.18    
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Appendix M Pearson’s Correlation Matrix for VEDs of All Sites 
  
                  Wetland Depthsurvey SHWΔ%   NP DepthΔ% SHW DepthΔ% Timerelease  Timesurvey Areadesign AreaΔ% FRAC             LDIinitial LDI2011  LDIΔ% WRAPdesign WRAPsurvey
SHWΔ%   -0.145
                 0.519
NP DepthΔ% 0.996 0.336
                 0.000 0.782
SHW DepthΔ% 0.326 -0.257 0.661
                 0.174 0.289 0.541
Timerelease  0.184 -0.175 0.282 0.367
                 0.262 0.403 0.646 0.122
Timesurvey 0.156 -0.074 0.708 0.112 -0.175
                 0.344 0.724 0.181 0.648 0.163
Areadesign 0.213 -0.159 -0.469 -0.063 -0.087 0.193
                 0.194 0.448 0.425 0.797 0.491 0.124
AreaΔ% 0.144 -0.127 -0.728 -0.296 -0.185 -0.069 0.199
                 0.380 0.545 0.164 0.218 0.141 0.582 0.113
FRAC             -0.205 0.265 0.826 0.086 -0.085 -0.110 -0.431 -0.199
                 0.210 0.201 0.085 0.727 0.502 0.382 0.000 0.112
LDIinitial 0.139 0.043 0.749 0.049 0.008 0.126 0.048 -0.071 0.243
                 0.399 0.838 0.145 0.843 0.952 0.317 0.705 0.572 0.051
LDI2011  0.219 -0.017 0.776 0.073 -0.081 0.161 0.120 -0.155 0.128 0.771
                 0.180 0.937 0.123 0.766 0.522 0.199 0.341 0.218 0.309 0.000
LDIΔ% 0.079 -0.157 0.022 0.179 -0.124 0.050 0.019 -0.081 -0.045 -0.473 0.082
                 0.633 0.454 0.971 0.462 0.325 0.695 0.880 0.519 0.722 0.000 0.516
WRAPdesign -0.316 -0.144 -0.878 -0.234 -0.084 -0.077 0.112 0.029 -0.230 -0.574 -0.575 0.225
                 0.050 0.493 0.050 0.334 0.503 0.540 0.374 0.820 0.065 0.000 0.000 0.072
WRAPsurvey -0.263 -0.278 -0.683 -0.219 -0.067 -0.177 0.133 0.283 -0.354 -0.572 -0.621 0.144 0.758
                 0.106 0.178 0.204 0.368 0.595 0.157 0.290 0.022 0.004 0.000 0.000 0.251 0.000
WRAPΔ%    0.054 -0.357 -0.512 -0.111 0.009 -0.230 0.014 0.351 -0.238 -0.156 -0.231 -0.038 -0.096 0.548
                 0.745 0.080 0.378 0.652 0.941 0.065 0.913 0.004 0.056 0.215 0.065 0.761 0.445 0.000
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Appendix N Pearson's Correlation Matrix for Forested Design Variables 
  
                 WRAPdesign Hgroundcover Sgroundcover Dsgroundcover H'groundcover S canopy Hcanopy H'canopy Dscanopy Timesurvey Areadesign NP Depthdesign SHW Depth Design FRAC LDIinitial
Hgroundcover 0.342
                 0.088
Sgroundcover 0.29 0.901
                 0.134 0
Dsgroundcover 0.282 0.925 0.706
                 0.163 0 0
H'groundcover -0.107 0.382 0.028 0.6
                 0.601 0.054 0.894 0
S canopy 0.438 -0.041 -0.203 0 -0.12
                 0.02 0.841 0.301 0.99 0.56
Hcanopy 0.325 0.12 -0.199 0.19 0.155 0.848
                 0.113 0.586 0.339 0.37 0.48 0
H'canopy -0.274 -0.165 -0.247 0 0.369 -0.313 0.136
                 0.186 0.452 0.233 0.98 0.083 0.127 0.516
Dscanopy 0.215 0.105 -0.139 0.2 0.233 0.565 0.902 0.46
                 0.303 0.635 0.507 0.34 0.286 0.003 0 0.01
Timesurvey 0.086 0.528 0.201 0.5 0.283 -0.02 0.168 -0.15 0.111
                 0.663 0.006 0.305 0 0.162 0.918 0.423 0.47 0.597
Areadesign 0.302 0.298 0.395 0.19 -0.195 0.192 0.077 -0.44 -0.084 -0.056
                 0.118 0.139 0.038 0.33 0.341 0.329 0.715 0.02 0.689 0.776
NP Depthdesign -0.571 0.312 0.332 0.34 0.284 -0.045 -0.831 -0.94 -0.949 0.68 -0.206
0.429 0.688 0.668 0.65 0.716 0.955 0.375 0.21 0.203 0.32 0.794
SHW Depth Design -0.298 0.305 0.389 0.21 0.003 -0.229 -0.333 -0.49 -0.468 0.135 0.235 0.99
0.323 0.362 0.189 0.51 0.992 0.453 0.318 0.11 0.147 0.661 0.44 0
FRAC -0.281 -0.249 -0.287 -0.05 0.233 -0.017 0.014 0.33 0.177 -0.225 -0.522 0.98 -0.066
0.148 0.219 0.139 0.8 0.252 0.933 0.947 0.1 0.397 0.25 0.004 0.01 0.829
LDIinitial -0.583 -0.199 -0.129 -0.16 0.093 -0.454 -0.377 0.17 -0.216 0.027 -0.161 -0.22 0.011 0.408
0.001 0.33 0.512 0.41 0.65 0.015 0.063 0.39 0.3 0.89 0.414 0.78 0.971 0.031
LDIΔ% 0.167 -0.079 -0.224 -0.01 -0.021 0.502 0.553 0.09 0.428 0.018 0.114 0.86 -0.046 -0.191 -0.516
0.397 0.701 0.252 0.95 0.917 0.007 0.004 0.64 0.033 0.926 0.565 0.13 0.882 0.329 0.005
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Appendix O Pearson's Correlation Matrix for Non-Forested Design Variables 
 
  
                 WRAPdesign Hgroundcover Sgroundcover Dsgroundcover H'groundcover S canopy Hcanopy H'canopy Dscanopy Timesurvey Areadesign NP Depthdesign SHW Depth Design FRAC LDIinitial
Hgroundcover 0.24
                 0.059
Sgroundcover 0.225 0.906
                 0.072 0
Dsgroundcover 0.208 0.924 0.714
                 0.103 0 0
H'groundcover 0.082 0.404 0.059 0.609
                 0.522 0.001 0.644 0
S canopy 0.331 0.065 -0.005 -0.008 -0.115
                 0.007 0.611 0.969 0.952 0.371
Hcanopy 0.183 0.136 -0.061 0.112 0.127 0.876
                 0.257 0.415 0.709 0.505 0.449 0
H'canopy -0.123 0.014 -0.042 0.111 0.285 -0.357 0.007
                 0.451 0.933 0.795 0.508 0.083 0.024 0.966
Dscanopy 0.187 0.084 -0.065 0.103 0.183 0.658 0.925 0.266
                 0.247 0.616 0.688 0.54 0.271 0 0 0.098
Timesurvey -0.077 0.307 0.16 0.248 0.183 -0.018 0.048 -0.181 -0.014
                 0.54 0.014 0.203 0.05 0.151 0.886 0.768 0.264 0.934
Areadesign 0.112 0.253 0.328 0.179 -0.113 0.058 -0.267 -0.199 -0.35 0.193
                 0.374 0.045 0.008 0.159 0.376 0.645 0.095 0.218 0.027 0.124
NP Depthdesign -0.277 0.057 -0.002 0.115 0 -0.055 -0.277 -0.67 -0.496 0.043 -0.118
0.318 0.839 0.995 0.683 0.999 0.846 0.471 0.048 0.174 0.88 0.674
SHW Depth Design -0.443 -0.026 0.06 0.011 -0.164 -0.336 -0.287 -0.429 -0.413 -0.149 -0.048 0.964
0.008 0.886 0.733 0.95 0.361 0.048 0.184 0.041 0.05 0.394 0.785 0
FRAC -0.23 -0.115 -0.099 -0.062 0.019 0.077 0.263 0.217 0.332 -0.11 -0.431 0.228 0.27
0.065 0.368 0.434 0.628 0.885 0.542 0.101 0.18 0.037 0.382 0 0.414 0.117
LDIinitial -0.574 -0.132 -0.084 -0.115 -0.138 -0.19 -0.273 0.169 -0.187 0.126 0.048 -0.152 0.045 0.243
0 0.303 0.504 0.371 0.28 0.129 0.089 0.298 0.249 0.317 0.705 0.589 0.796 0.051
LDIΔ% 0.225 0.079 -0.004 0.06 0.155 0.331 0.535 0.081 0.429 0.05 0.019 -0.109 -0.12 -0.045 -0.473
0.072 0.54 0.977 0.642 0.225 0.007 0 0.621 0.006 0.695 0.88 0.698 0.492 0.722 0
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Appendix P Design Variables Stepwise Multiple Regression Model Results for Forested and Non-Forested Wetlands 
Forested 
Predictors P-Value R2 Final Model Equation (WRAPsurvey = Y) 
X1, X2, X3, 
X4, X5 *not enough data to run the model 
X1, X3, X4, 
X6 0.001 64.25 
Y = 0.576 + 0.0769 X3 - 1.586 X1 + 0.0681 X6 + 2.297 X1^2 
- 0.1276 X3*X6 
X1, X3, X4, 
X5, X6 0.001 63.64 Y= 0.290 - 1.733 X1 + 0.0399 X4 + 3.45 X1^2 - 0.0678 X1*X4 
X1, X2, X3, 
X4, X7 0.001 82.61 
Y= -0.004 - 0.874 X3 - 0.335 X1 + 2.52 X7 - 1.711 X7 - 1.506 X7^2 
+ 1.264 X3*X7 + 2.08 X1*X7 
X1, X2, X3, 
X5 0.001 63.75 Y = 0.622 + 2.91 (X3) +0.0857 (X5) + 4.60 (X3) - 0.1528 (X3 * X5) 
X1, X3, X4 0.001 63.44 Y = 0.301 - 1.737 X1 + 0.0384 X4 + 3.436 X1^2 - 0.0656 X1*X4 
Non-Forested 
 Predictors P-Value R2 Final Model Equation (WRAPsurvey = Y) 
X1, X2, X3, 
X4, X5 0.001 88.79 
Y = -1.071 + 1.475 X1 + 0.0751 X2 - 0.604 X3 + 2.023 X5 - 1.371 X5^2 
- 0.1539 X1*X2 + 0.726 X3*X5 
X1, X2, X3, 
X5, X6 0.001 88.79 
Y = -1.071 + 1.475 X1 + 0.0751 X2 - 0.604 X3 + 2.023 X5 - 1.371 X5^2 
- 0.1539 X1*X2 + 0.726 X3*X5 
X1, X2, X3 0.001 82.63 Y = -0.2592 + 1.206 X1 + 0.01227 X2 + 0.0512 X3 - 0.0148 X2*X3 
X1 = WRAPdesign; X2 = SHW Depthdesign; X3 = Areadesign; X4 = Timesurvey; X5 = H'groundcoverdesign; X6 = LDIΔ%; X7 
= Dscanopydesign 
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Appendix Q Crosswalk of County Zoning Codes to FLUCCS.  *Due to a lack of relevant description and an overlap of several 
existing land use categories “TA” and “TU-24” zones retained their FLUCCS2011 classification in the 2025 maps.  
Zoning Code Zoning Description FLUCCS FLUCCS Description LDI 
AE AGRICULTURAL ESTATE-1/2.5 (.25 FAR) 2100 CROPLAND AND PASTURELAND 3.41 
A/M AGRICULTURAL/MINING-1/20 (.25 FAR) 1600 EXTRACTIVE 8.32 
A/R AGRICULTURAL/RURAL-1/5 (.25 FAR) 2100 CROPLAND AND PASTURELAND 3.41 
A AGRICULTURAL-1/10 (.25 FAR) 2100 CROPLAND AND PASTURELAND 3.41 
CBD CENTRAL BUSINESS DISTRICT 1400 COMMERCIAL AND SERVICES 8.59 
CPV CITRUS PARK VILLAGE 1400 COMMERCIAL AND SERVICES 8.59 
C COMMERCIAL 1400 COMMERCIAL AND SERVICES 8.59 
C COMMERCIAL (16 DU/ACRE, FAR.35) 1400 COMMERCIAL AND SERVICES 8.59 
CC-35 COMMUNITY COMMERCIAL-35 (2.0 FAR) 1400 COMMERCIAL AND SERVICES 8.59 
CMU-12 COMMUNITY MIXED USE-12 (.50 FAR) 1400 COMMERCIAL AND SERVICES 8.59 
CMU-12 COMMUNITY MIXED USE-12 (12 DU/ACRE) 1400 COMMERCIAL AND SERVICES 8.59 
CMU-35 COMMUNITY MIXED USE-35 (2.0 FAR) 1400 COMMERCIAL AND SERVICES 8.59 
DC DOWNTOWN CORE 1400 COMMERCIAL AND SERVICES 8.59 
DMU-25 DOWNTOWN MIXED USE-25 (25 DU/ACRE) 1400 COMMERCIAL AND SERVICES 8.59 
GMU-24 GENERAL MIXED USE-24 (1.5 FAR) 1400 COMMERCIAL AND SERVICES 8.59 
HI HEAVY INDUSTRIAL (.50 FAR) 1500 INDUSTRIAL 8.32 
HI HEAVY INDUSTRIAL (1.5 FAR) 1500 INDUSTRIAL 8.32 
I INDUSTRIAL (FAR.50) 1500 INDUSTRIAL 8.32 
LCO 
LIGHT COMMERCIAL OFFICE (10 DU/ACRE, 
FAR.35) 1400 COMMERCIAL AND SERVICES 8.59 
LI LIGHT INDUSTRIAL (.50 FAR) 1500 INDUSTRIAL 8.32 
LI LIGHT INDUSTRIAL (1.5 FAR) 1500 INDUSTRIAL 8.32 
LI-P LIGHT INDUSTRIAL PLANNED (.50 FAR) 1500 INDUSTRIAL 8.32 
MACDILL 
AFB MAC DILL AIR FORCE BASE 1700 INSTITUTIONAL 8.07 
ESA MAJOR ENVIRONMENTALLY SENSITIVE AREAS 6300 WETLAND FORESTED MIXED 1 
MU/GW MIXED USE - GATEWAY (16 DU/ACRE, FAR.35) 1400 COMMERCIAL AND SERVICES 8.59 
MU/RC 
MIXED USE - RESIDENTIAL/COMMERCIAL (20 
ACRE MINIMUM) 1400 COMMERCIAL AND SERVICES 8.59 
MU-R/C/I 
MIXED USE - 
RESIDENTIAL/COMMERCIAL/INDUSTRIAL (1000 
ACRE MINIMUM) 1400 COMMERCIAL AND SERVICES 8.59 
M-AP MUNICIPAL AIRPORT COMPATIBILITY 1700 INSTITUTIONAL 8.07 
N NATURAL PRESERVATION 6300 WETLAND FORESTED MIXED 1 
NP NATURAL PRESERVATION 6300 WETLAND FORESTED MIXED 1 
NMU-4 NEIGHBORHOOD MIXED USE-4 (3) (.35 FAR) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
OC OFFICE COMMERCIAL-20 (.75 FAR) 1400 COMMERCIAL AND SERVICES 8.59 
OI OFFICE/INSTITUTIONAL 1700 INSTITUTIONAL 8.07 
R PARK/RECREATION OPEN SPACE 1800 RECREATIONAL 4.38 
RO PARKS, RECREATION AND OPEN SPACE 2600 OTHER OPEN LANDS <RURAL> 2.02 
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PEC 
PEC PLANNED ENVIRONMENTAL COMMUNITY-
1/2 (.25 FAR) 1100 
RESIDENTIAL LOW DENSITY < 2 
DWELLING UNITS 6.9 
PROF PROFESSIONAL 1400 COMMERCIAL AND SERVICES 8.59 
P/QP PUBLIC/QUASI-PUBLIC 1700 INSTITUTIONAL 8.07 
P PUBLIC/SEMI-PUBLIC 1700 INSTITUTIONAL 8.07 
R/OS RECREATIONAL/OPEN SPACE 1800 RECREATIONAL 4.38 
RMU-100 REGIONAL MIXED USE-100 (3.5 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
RMU-35 REGIONAL MIXED USE-35 (2.0 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
RCP RESEARCH CORPORATE PARK (1.0 FAR) 1400 COMMERCIAL AND SERVICES 8.59 
RCP RESEARCH/CORPORATE PARK 1400 COMMERCIAL AND SERVICES 8.59 
R-12 RESIDENTIAL - 12 (12 DU/ACRE, FAR.35) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-18 RESIDENTIAL - 18 (18 DU/ACRE) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-20 RESIDENTIAL - 20 (20 DU/ACRE, FAR.35) 1300 RESIDENTIAL HIGH DENSITY 8.66 
RP-2 RESIDENTIAL PLANNED-2 (.35 FAR) 1100 
RESIDENTIAL LOW DENSITY < 2 
DWELLING UNITS 6.9 
R-1 RESIDENTIAL-1 (.25 FAR) 1100 
RESIDENTIAL LOW DENSITY < 2 
DWELLING UNITS 6.9 
R-10 RESIDENTIAL-10 (.35 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-12 RESIDENTIAL-12 (.35 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-16 RESIDENTIAL-16 (.35 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-2 RESIDENTIAL-2 (.25 FAR) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
R-20 RESIDENTIAL-20 (.35 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-20 RESIDENTIAL-20 (.50 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-3 RESIDENTIAL-3 (.35 FAR) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
R-35 RESIDENTIAL-35 (.60 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-4 RESIDENTIAL-4 (.25 FAR) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
R-4 RESIDENTIAL-4 (4 DU/ACRE) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
R-50 RESIDENTIAL-50 (1.0 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-6 RESIDENTIAL-6 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-6 RESIDENTIAL-6 (.25 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-6 RESIDENTIAL-6 (6 DU/ACRE, FAR.25) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-83 RESIDENTIAL-83 (.65 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-9 RESIDENTIAL-9 (.35 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
R-9 RESIDENTIAL-9 (9 DU/ACRE) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
R/W RIGHT OF WAY 8100  TRANSPORTATION 8.045 8.045 
ROW RIGHT OF WAY 8100  TRANSPORTATION 8.045 8.045 
RE-10 RURAL ESTATE-10 (.25 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
SMU-3 SUBURBAN MIXED USE-3 (.25 FAR) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
SMU-6 SUBURBAN MIXED USE-6 (.35 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
SMU-6 SUBURBAN MIXED USE-6 (.50 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
TA TRANSITIONAL AREA (DUE TO ANNEXATION) *Retained 2011 FLUCCS classification 
 189 
 
TU-24 TRANSITIONAL USE-24 (1.5 FAR) *Retained 2011 FLUCCS classification 
UMU-20 URBAN MIXED USE-20 (1.0 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
UMU-20 URBAN MIXED USE-20 (20 DU/ACRE) 1300 RESIDENTIAL HIGH DENSITY 8.66 
UMU-60 URBAN MIXED USE-60 (3.25 FAR) 1300 RESIDENTIAL HIGH DENSITY 8.66 
WATER WATER 5200 LAKES 1 
WVR-2 WIMAUMA VILLAGE RESIDENTIAL-2 (.25 FAR) 1200 
RESIDENTIAL MED DENSITY 2 ‐
>5 DWELLING UNIT 7.47 
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